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ABSTRACT
A simple and novel solution is proposed to overcome the main beam splitting of the 
tapered slot antenna (TSA) fabricated on a thick substrate with high dielectric 
constant. It utilised arrays of metal strip gratings to reduce the undesirable surface 
waves. Measured result of a 10A0 long 35GHz linear taper slot antenna (LTSA), 
shows a dramatic improvement in the radiation pattern and a measured front-to-back 
ratio of 20dB for both the planes. Further analysis shows that the metal strip gratings 
help to improve the directivity and return loss of shorter LTSAs. Comparing with a 
basic LTSA without modification, the 4Ao LTSA has a 4.3dB and 14.8dB 
improvement on its directivity and return loss, respectively, which is 13.2dB and 
22.3dB. In addition, the side lobe level is also suppressed from -5.2dB to -14.4dB.
A new stepped profile formed by multiple constant slot width sections, to match the 
impedance between the feed and the aperture, is developed. This novel step-tapered 
profile increases the directivity of the antenna without increasing its length. A step- 
tapered slot antenna (STSA) is demonstrated at 28GHz. It has a directivity of 7.9dB, a 
2.5dB improvement over a LTSA with the same physical design, and shows no sign 
of main beam splitting. With the incorporation of the metal strip gratings, the 
directivity of the STSA further increases to ll.OdB with a return loss of 17.2dB. 
Finally, an improved CPW-to-slotline transition is developed for the STSA.
The above work helps to open up the TSA for commercial millimetre-wave 
applications, such as radio-over-fibre, satellite communications and remote sensing, 
which previously were not feasible due to the requirements of fragile and costly ultra 
thin substrate or micromachining.
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C h a p te r  1 Introduction
1.1 INTRODUCTION
The increase in demand for wireless and mobile communications with large 
bandwidth has led to serious congestion in the RF and microwave frequency 
spectrum. As a result, modern communication systems have gradually moved into the 
millimetre-wave frequency region. In addition to the wider bandwidth, it offers other 
advantages of smaller and lighter components, and narrow beam widths. This 
inevitably leads to a requirement for antennas for millimetre-wave systems.
The idea of utilising a printed special design conductor pattern on a substrate as a 
radiating element is probably as old as the idea of printed transmission lines 
themselves. Since the late 1970s, much effort has been devoted to the theoretical and 
experimental research on printed antennas which offer the advantages of low profile, 
low cost, light weight, mass production, and direct integration with other circuitries 
used in transmitter and receiver units.
Although the thin planar printed antennas have gained prominence over the past 
decade as a viable and desirable antenna, there are some limitations, principally in 
poor antenna efficiency, small bandwidth and high side lobe level. However, the very 
low manufacturing costs, together with its operation advantages, makes it more 
attractive than the conventional waveguide antenna, which has superior electrical 
performances. Therefore, antenna efficiency, bandwidth and side lobe level control 
are identified as the main areas for intensified research in printed antennas.
The tapered slot antenna (TSA) is one of the few printed antennas which gives an 
end-fire radiation characteristic. This important feature reduces the complexity of the 
antenna feed design. The TSA is a travelling wave antenna with the wave propagating 
along the length of the antenna. It is also known as a notch antenna and was 
developed in the mid 1970s. The input of the antenna is basically a slotline and the 
width of the slotline increases smoothly until it reaches the output end, where it 
terminates abruptly. For a single TSA element, it is capable of giving moderate gain
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of 7dB to 14dB, multioctave bandwidth, and symmetrical E-plane and H-plane 
radiation patterns, outperforming most other printed antennas, such as dipole, patch 
and slot.
For a waveguide antenna, it is feasible to use simple scaling procedures to develop a 
millimetre-wave antenna from its corresponding microwave antenna. However, the 
same technique is not possible for the TSA, and the design of these antennas are based 
primarily on empirical results. Printed antemias suffer from surface wave phenomena, 
substrate loss, fabrication tolerances and feeding difficulties when they are designed 
for millimetre-wave operations. The substrate problem is greater in the TSA than 
other types of printed antennas, and has seriously hampered its usage in the 
millimetre-wave region. As a result, most of the recent research activities for TSAs 
focus mainly on overcoming this problem by modifying the substrate, through 
micromachining, slot substrate removal, and membrane support. However, all these 
solutions are costly and time consuming, which make the TSA lose its most important 
competitive advantages of low cost and simple manufacturing process.
In addition, the TSA necessitates a physical length of multiple free space wavelengths 
in order to achieve good radiation characteristics, which is another set back for the 
current requirement of device miniaturisation. Hence, to date, the TSA has received 
very little commercial interest.
1.2 RESEARCH OBJECTIVES
The main aim of this research is to design a low cost millimetre-wave TSA that can be 
fabricated with standard etching or screen-printing techniques, without requiring 
fragile and costly ultra thin substrates or micromachining. A slotline transition is to be 
designed for the integration of the photodetector.
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1.3 THESIS OVERVIEW
Chapter 2 first introduces the basic geometries of the TSA followed by the three main 
types of TSA. The effects of the design parameters such as length, opening angle, 
lateral width, substrate thickness and dielectric constant, on the antemia performances 
are then reviewed based on the empirical results from various researchers.
When designed on thick substrate with a high dielectric constant, TSAs suffer from 
main beam splitting and poor radiation characteristics. Chapter 3 analyses the 
probable causes: the slot impedance, phase velocity and surface waves, using the 
principle equations and simulations.
Chapter 4 presents a novel and simple solution, using metal strip gratings, to 
overcome the TSA main beam splitting. The improvements in the antenna 
performances are demonstrated through the simulated and measured results of a HUo 
long 35GHz linear taper slot antenna (LTSA).
Chapter 5 further analyses the metal strip grating design to improve the directivity of 
shorter TSAs. A novel step-tapered profile, which has a higher directivity than the 
linear taper profile, is developed. A 2.5 Xo long 28GHz antemia, incorporating the 
metal strip gratings and the step-tapered profile, is simulated and measured.
Chapter 6 presents a CPW-to-slotline transition tailored for the applications of the 
TSA. The transition is incorporated into the STSA for its radiation patterns 
measurement.
The achievements of this project are concluded in Chapter 7, which also includes the 
future work for the TSA with metal ship gratings.
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Chapter 2 Tapered Slot Antenna Review
2.1 INTRODUCTION
Tapered Slot Antennas (TSAs) have planar geometries and end-fire radiation 
characteristics. They are lightweight and suitable for flush-mounted or low-silhouette 
designs. Fabrication is simple and cheap, using photolithographic or screen-printing 
techniques, which facilitates mass production.
Their travelling wave nature gives a large bandwidth, which is useful for modem day 
communications. It can also give a narrow symmetrical 3dB beam width of 
approximately 15°, which is desirable to reduce spill over loss for reflector antenna 
system. In addition, a veiy high gain of 17dB can be achieved with a single TSA 
element [1],
Having an inherent slot line feed enables connection to the receiver or transmitter 
circuit using a conventional slot line transition. In addition, due to its end-fire 
radiation characteristics and slot line feed, it can be fed directly via finline to the 
waveguide, which is very useful at millimetre-wave frequencies. This is not possible 
for broadside radiated planar antennas.
Hence, the lightweight and low cost TSAs, with good performance and simple 
integration with various types of transmission lines, are veiy attractive candidates for 
high-resolution millimetre-wave imaging system, feed for reflector, sector antenna 
system, and focal-plane applications.
In this chapter, the basic geometries of TSA are first given with a brief discussion on 
the three main types. Next, the radiation pattern and its parameters are defined. This is 
followed by a review of work done by other researchers, closely examining the 
parameters affecting the radiation characteristics. Another important antenna radiation 
characteristic, back lobes, which is seldom considered by other researchers, is 
discussed later. Finally, a consolidation of the design criteria is presented.
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2.2 GEOMETRIES
There are several constraints on the design of the TSA. Firstly, the choice of materials 
is restricted by its requirement for a thin substrate with low dielectric constant for 
good performance. Generally, in order to achieve its travelling wave characteristic, an 
aperture width of more than lA free space wavelength i>Vi2o) and a length of more 
than 2 free space wavelengths ( > 2 Ao) are necessary [2 ], while longer length gives a 
higher directivity. Due to its free space wavelength dependency, its physical length 
cannot be scaled down by using a substrate with higher dielectric constant.
The TSA is linearly polarised with the E-plane beam parallel to the substrate, while 
the H-plane beam is perpendicular to the substrate, as shown in Figure 2.1. Its end-fire 
radiation characteristic is achieved by having a phase velocity less than free space 
velocity. The phase velocity is determined by the slot width and impedance, which are 
affected by the opening angle (&), aperture width (W), lateral width (B), length (L), 
substrate thickness (/), relative dielectric constant (£,-), and last but not least the 
operating frequency (/').
H-plane
E-plane
(a) General View
Metal
(b) End View
Figure 2.1: The LTSA geometry and polarisation.
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The radiation characteristics of the antenna vary with these parameters, which are 
interrelated. Thus it is a great challenge to design a TSA with good performance, 
especially at high frequency. To date, many different tapered profiles have been 
reported, e.g. Bunny-ear [3], Antipodal [4], Broken LTSA [5][6], etc. but none is 
suitable for millimetre-wave frequencies operations. At these frequencies, the 
standard substrate thickness (t) with respect to the operating free space wavelength 
(Xo) is greater than the optimum effective substrate thickness (%). Yngvesson et al. 
[1] defined an approximate optimum range for the effective substrate thickness (tefj) as 
a function of free space wavelength (Xo):
0.005 <
A> A
<0.03 (2.1)
TSAs with smaller tef/lXo ratios have a wider 3dB beam width, while larger te 
ratios lead to the main beam breaking up and also cause the amount of power 
radiating out from the TSA to reduce dramatically.
The three main types of TSAs are, linear taper slot antenna (LTSA), exponential 
tapered slot antenna (Vivaldi antenna), and constant width slot antenna (CWSA), as 
shown in Figure 2.2. The main difference being the tapered profile of the slot width, 
which evolves differently from a slot line usually less than O.Uo and flared to at least 
O.5A.0. This slot tapered profile, which varies with its opening angle, aperture width 
and length, predominantly determines the directivity, 3dB beam width, gain and 
bandwidth of the antenna. Nevertheless, the basic radiation mechanism of the LTSA, 
Vivaldi antenna and CWSA are similar. All the TSAs are required to operate within 
the optimum effective substrate thickness for good radiation characteristic, such as a 
low side lobe level and return loss.
Figure 2.2: Three main types of TSA.
2-4
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2.2.1 LTSA
The slot width of the LTSA increases linearly from the feed to the aperture. The 
length of the antenna is usually from 3 Ao to 10 Ao and the opening angle is between 5° 
to 12° [1]. The slot width should be designed to increase gradually such that there is 
no abrupt change on the slot impedance, which causes undesirable reflections.
The LTSA has the simplest taper profile of the three types of TSA and its 3dB beam 
width and bandwidth are between that of the Vivaldi antenna and CWSA. The 
majority of the TSA characteristics are analysed using the LTSA perspective.
2.2.2 Vivaldi Antenna
The slot width of the Vivaldi antenna increases exponentially according to the 
following expression given by Gibson [7] in his pioneering work:
y(x) = ±0.254<?OO52-v (2.2)
y(x) is half of the slot width where x is the variable along the length of the antenna. 
The constant 0.052 determines the rate at which the slot opens whilst the constant 
0.254 gives an extra freedom to control the slot width. Both constants can be varied to 
optimise the radiation pattern. Due to the exponential increase of the slot width, the 
Vivaldi antenna is much shorter than the LTSA. It has a veiy broad bandwidth, the 
widest 3dB beam width and the lowest side lobe level.
2.2.3 CWSA
There are not many reported publications on the CWSA. It begins with a tapered 
slotline transition that opens from the feed to an optimum width of about O.8 A0. This 
transition can be either a linear or an exponential profile depending on the permissible 
length. This is followed by a section of constant width, which is optimised 
experimentally to about 4X0 to 5X0 long [8 ]. It is within this latter portion of the
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antenna where the main radiation occurs. A final section of exponentially tapered 
profile maybe added to reduce the side lobe level and minimise reflections at the 
aperture.
Generally, the CWSA has the narrowest 3dB beam width and the highest directivity 
due to its section of constant slot width, which guides the wave without any 
disturbance during radiation. However, this limits the bandwidth. On the other hand, it 
has the narrowest profile and is an attractive element for array antenna.
2.3 RADIATION CHARACTERISTICS
The radiation pattern of a generic highly directive antenna is shown in Figure 2.3.
(a) Polar Form
2-6
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Angle (degrees)
(b) Rectangular Form 
Figure 2.3: Representative plots of the normalised radiation pattern.
Figure 2.3(a) is plotted on a decibel (dB) scale in polar form, with its directivity as the 
radial variable. The radiation pattern consists of a main lobe, which is pointing in the 
direction of the target. Typically there are several side lobes and back lobes. The plot 
represents the radiation variation in only one plane in the observation sphere. Figure 
2.3(b) is its rectangular form, where the angular position is defined by the x-axis and 
the directivity by the y-axis. The 3dB beam width or half-power beam width are 
defined, as shown in Figure 2.3(b).
The directivity of the antenna is defined as the ratio of the maximum power density to 
its average value over a sphere, as observed from the far field. In practice, not all the 
input power to the antenna is radiated out, some of it is lost as heat due to ohmic loss. 
The radiation efficiency is defined as the ratio of the total power radiated by the 
antenna to the net power accepted by the antenna at its terminals during the radiation 
process [9]. The difference of these two powers is the power dissipated within the 
antenna. The gain of the antenna is then defined as the product of the radiation
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efficiency and the directivity. As the radiation efficiency is always less than unity, the 
gain is always less than the directivity.
Another important parameter, which so far has been given veiy little attention by 
researchers, is the front-to-back (F/B) ratio. It is defined as the ratio of the maximum 
directivity (front) of an antenna to its directivity in a specified rearward direction 
(back) [9]. Generally, the directivity of the main back lobe is taken. However, this 
may not be the maximum back lobe level in the rearward direction. Therefore, in 
order to characterise the F/B ratio more accurately, the maximum back lobe in the 
rearward hemisphere (between -90° to -180°, and +90° to +180°) is taken instead.
A high gain is the desired characteristic of a good directional antemia. A narrow beam 
is required for high-resolution radar or sensing, while a broad beam is preferred for 
other applications, such as wireless and mobile communications. In all types of 
application, side lobes and back lobes are undesirable because they radiate power in 
the unwanted directions. Side lobes can cause false target detection in both radar and 
sensing applications, while high back lobe level can induced serious noise level or 
interferences, especially for RF circuits integrated immediately behind an end-fire 
antenna. In addition, strong back lobes may be reflected and cause serious distortion 
to the main lobe.
The TSA radiation pattern relies mainly on the parameters that are interrelated, 
namely the opening angle ( 6 ), aperture width (W), lateral width (B), length (L), 
substrate thickness (t) and dielectric constant (s,), and, last but not least, the operating 
frequency (f). Its operation is not fully understood currently and designs are based 
mainly on empirical results [2]. Its radiation characteristic is consolidated and re­
examined below from the experimental work by various research groups.
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Yngvesson et al. [8] used three LTSAs on different substrates with different 
thicknesses, as given in Table 2.1, to investigate the effect of the antenna length on 
the 3dB beam width. All the LTSAs have the same opening angle (6)  of 11.2°.
2.3.1 Effect of the Length on the 3dB Beam Width
Substrate Frequency (G H z) R e la tive  D ie le c tr ic  Constan t (er) Thickness (t)
Styrofoam 10 1.05 0.254mm
Duroid 10 2.32 0.130mm
Kapton 94 3.5 0.025mm
Table 2.1: Substrate parameters used by Yngvesson et al. [8].
The measurements were fixed at 10GHz for the Styrofoam and Duroid LTSAs. The 
Kapton LTSA, which has a lower loss at millimetre-wave frequencies, was fixed at 
94GHz. The lateral width (B) is not given and the length (L) was varied by cutting 
down the antenna. The length is normalised with respect to the free space wavelength 
(L/Xq) and its effect on the 3dB beam width was measured, as shown in Figure 2.4.
Both the E-plane and H-plane have narrower 3dB beam widths for a longer antenna. 
The variations of the 3dB beam width between both the planes with respect to the 
length for 94GHz are relatively gentle and coherent. However, for 10GHz the 3dB 
beam width varies differently as the length increases. The 3dB beam width of the H- 
plane decreases rapidly until the length reaches around 5X0 and becomes relatively 
stable beyond. Conversely, its 3dB beam width of the E-plane decreases at a slower 
rate until the length reaches around 9X0.
The measured result also shows that for 10GHz, the 3dB beam widths for both the E- 
plane and H-plane have a difference of about 10°, whereas the difference is only about 
5° for 94GHz.
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Length / Free Space Wavelength
(a) E-Plane
Length / Free Space Wavelength 
(b) H-Plane
Figure 2.4: 3dB beam width of the LTSAs on 3 different substrates 
as a function of length/free space wavelength (LIXJ) [8].
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On the other hand, Lee and Simons [2] used an LTSA with a larger opening angle (6)  
of 25°, fabricated on a Duroid substrate with a thickness (/) of 0.254mm and a relative 
dielectric constant (sr) of 2.2. However, in this case the lateral width (B) was made 
constant at 3.18mm throughout the measurement. Again, the 3dB beam widths 
against various lengths were recorded, as shown in Figure 2.5, but at 13GHz and 
normalised with respect to the substrate wavelength (A = A0/fs~r ) instead of the free 
space wavelength (Aq).
Length / Wavelength
Figure 2.5: 3dB beam width of the LTSA as a function of 
length/wavelength (LIA) [2].
The result shows that 3dB beam width in the H-plane remains constant until the 
length reaches 5/1 and begins to decrease beyond. While the 3dB beam width in the E- 
plane, decreases rapidly initially and stabilises beyond 5A. In addition, the differences 
in the 3dB beam widths for both the planes are higher, up to 25°. Finally, the 3dB 
beam widths are only symmetrical at the length of about 3 A with a 3dB beam width of 
50°.
2-11
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These observations do not agree entirely with Yngvesson et al.'s. Their 3dB beam 
width variations with respect to the length are inconsistent, indicating that the 3dB 
beam width is also affected by other factors, such as the frequency of operation, the 
lateral width and the opening angle. However, from these two independent works, it 
has illustrated that the 3dB beam widths of both the E-plane and H-plane decrease 
while the length increases.
2.3.2 Effect of the Length on the Gain
Thungren et al. [10] measured the gain of three LTSAs at 35GHz as a function of its 
physical length (L). They have different opening angles (0)  of 15.5°, 11.2°, and 8.36° 
but are on the same Duroid substrate with a thickness (t) of 0.5mm and a relative 
dielectric constant (£r) of 2.22. Unfortunately, the lateral width (B) was not given. The 
measured gain was normalised with a horn antenna, as shown in Figure 2.6.
-5
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25 50 75
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Figure 2.6: Gain of the LTSA with 3 different opening angles (0) 
[15.5°(B); 1 1.2°(a); 8.36°(*)] as a function of length (L) [10].
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The result shows that the gain of all the three LTSAs increase with length before 
saturating at about 62mm, which is equivalent to I . I X q  when normalised with free 
space wavelength. Increasing the antenna length further, results in the gain falling off 
except for the smallest opening angle of 8.36°, which remains fairly constant. The 
result also indicates that larger opening angle has higher gain.
In comparison, Lee and Simon [2] measured the gain of the LTSA as a function of 
length normalised with respect to the substrate wavelength (L/X), as shown in Figure 
2,7. Like before, the measurement was carried out at 13GHz with the lateral width 
(B) kept constant at 3.18mm. It is on a Duroid substrate with a thickness (/) of 
0.254mm and a relative dielectric constant (er) of 2.2, and the opening angle (6 ) is 
25°.
15
T3
a  103
5
2 4 6 8
Length/ Wavelength
Figure 2.7: Gain of the LTSA as a function of length/wavelength (L!X) [2].
Here once more, the gain increases with length initially but saturates at about 6X or 
4Xo but increasing the length further does not lead to the gain falling off.
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The results of both research groups show that the gain increases with the length of the 
antenna and saturates at some length eventually. This is because although longer TSA 
has a larger radiating aperture, at some length no more energy will be radiated out, 
thus the additional length does not contribute to the gain. The gain fall off seen in the 
work by Thungren et al. may be due to the antenna losses or measurement error. As 
shown in another work by Yngvesson et al. [1] in Figure 2.8, using Kapton substrate 
with a relative dielectric constant (£>) of 3.5 and various thicknesses (t), the gain 
remains fairly constant after saturation, even when the lengths have been increased to 
more than 12Aq.
Length / Free Space Wavelength
Figure 2.8: Gain of the LTSA with 4 different thickness/free space wavelength ratios 
(t/Ao) as a function of length/free space wavelength (LIAo) [1].
It is also noted from the work by Yngvesson et al. that the gain saturates at different 
lengths for different thicknesses. Though Thungren et al. shows that the length where 
the gain saturates is independent of the opening angle, Lee and Simon’s LTSA, 
having a larger opening angle, saturates at another length. This may be due to the 
dependency of the gain on other factors, such as the frequency, lateral width and 
substrate thickness.
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This work by Thungren et al. [10] consists of three LTSAs on the same Duroid 
substrate with a thickness (t) of 0.5mm and a relative dielectric constant (sr) of 2.22 
but different opening angles (0 )  of 8.36°, 11.2° and 15.5°. The measurements were 
done at 35GHz as a function of antenna physical length (L), as shown in Figure 2.9. 
Once again, the lateral width (B) is not given.
For the LTSA with the opening angle of 8.36°, the 3dB beam widths are symmetrical 
and fairly constant for lengths between 45mm to 110mm, which corresponds to 5.3Xo 
to 12.8Xo. For the opening angle of 11.2°, the symmetrical 3dB beam widths occur at 
about the same range. However, for the opening angle of 15.5° the symmetrical 3dB 
beam widths occur in the range less than 40mm, which corresponds to less than 4.1 Xo. 
The result also shows that for longer length the 3dB beam width is more stable.
2.3.3 Effect of the Opening Angle
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Length (mm)
(b) Opening Angle (6) = 11.2°
Length (mm)
(c) Opening Angle (6)  = 15.5°
Figure 2.9: 3dB beam width of the LTSA as a function of length (L) [10].
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In contrast, the work by Lee and Simons [2] has a fixed physical length (L) at 76.2mm 
but varies over a wider range of opening angles (6)  from 5° to 25. The LTSA is also 
on a Duroid substrate with a relative dielectric constant (er) of 2.22 but with a 
thickness (/) of 0.254mm. The lateral width (B) is fixed at 25mm and the 
measurement was performed at 13.5GHz and 19GHz, as shown in Figure 2.10. 
Hence, the normalised lengths are 3.4Xo and 4.8Xo, respectively.
0 5 10 15 20 25 30
Opening Angle (degrees)
Figure 2.10: 3dB beam width of the LTSA as a function of opening angle (6) [2].
The result shows that at 13.5GHz and 19GHz, both the E-plane 3dB beam widths 
decrease as the opening angle increases, but both the H-plane 3dB beam widths 
fluctuate similarly as a function of the opening angle. It also illustrates that, although 
a higher frequency has smaller 3dB beam width, the effect of the opening angle on the 
3dB beam width are fairly similar for both frequencies. Finally, both frequencies have 
symmetrical 3dB beam widths when the opening angle is 5°.
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It is difficult to draw any concrete conclusions between these two sets of results 
except that the 3dB beam width is smaller at higher frequency for the same. This is 
because the radiating aperture, which is a function of the physical parameters, is 
larger electrically at higher frequency. Another observation is that the 3dB beam 
width is only symmetrical within a small range of length for a particular opening 
angle, where this range decreases as the opening angle increases.
2.3.4 Effect of the Effective Substrate Thickness
Yngvesson et al. [1] demonstrated the effect of a larger tefJXo ratio, as shown in 
Figure 2.11. The LTSA operates at 35GHz with an opening angle (0 )  of 7.5° while 
the lateral width (B) is 2Xo and the length (L) is lOXo, on a Duroid substrate with a 
thickness of (t) of 0.25mm and a relative dielectric constant (er ) of 10. This gives a 
tefftXo ratio of 0.063, which exceeds the maximum optimum limit. It can be clearly 
seen that the main beam of the E-plane breaks up and formed side lobes at each side. 
The high side lobe level of -4dB renders the antenna useless. The conductor-clad 
substrate of the antenna supports unwanted surface waves without lower cut-off 
frequency. This unwanted surface wave strength increases with the thickness and 
causes spurious radiation at the edges of the antenna, hence degrading the main beam 
radiation.
Yngvesson et al. continued to use another four LTSA with different thicknesses to 
measure the 3dB beam width as a function of length normalised with respect to the 
free space wavelength (L/Xq), as shown in Figure 2.12.
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Figure 2.11: Radiation pattern of the LTSA with %/To ratio exceeding its limit [1].
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Figure 2.12: 3dB beam width of the LTSA with 4 different t/Ao ratios 
as a function of length/ffee space wavelength (L/Ao) [1].
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The 3dB beam width for both planes with various thickness, decreases inconsistently 
as the length increases. It is noted that the E-plane is more sensitive to the variation of 
the length than the H-plane. Although all UfiXo ratios are within the optimum range, 
the 3dB beam widths are highly asymmetric when the length is less than 4X0.
2.3.5 Effects of the Lateral Width
Janaswamy and Schaubert [11] observed that the lateral width has a significant effect 
on the radiation characteristic as well. They used an LTSA with a 1.5mm wide input 
feed (A), an aperture width (IT) of 51mm and a length (A) of 240mm, on a Styrofoam 
substrate with a thickness (t) of 25.4nnn and a relative dielectric constant (-?,•) of 1.05. 
The computed opening angle (6 ) is 11.77° from the geometries given above. The 
measurement was done at 9GHz, with the lateral width (B) of 126.5mm, 76.5mm, 
25.5mm and 0mm.
The result in Figure 2.13 shows that as the lateral width is reduced, the 3dB beam 
widths fluctuate inconsistently. The effect of lateral width on the radiation pattern is 
due to the changes of the slot impedance and phase velocity at the radiating end. The 
aperture impedance is affected by the lateral width because their widths are 
electrically comparable to the wavelength. This is another factor to consider when 
designing the TSA, especially for array antennas.
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Figure 2.13: Fluctuation of the radiation pattern of the LTSA [11].
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2.4 BACK LOBES
The TSA does not have an absorber at the aperture, thus waves that are not radiated 
after propagating down the length of the slot are either reflected or continue to travel 
round the edges of the antenna. These reflections and unwanted waves at the edges of 
the antenna travel in the backward direction, creating back lobes and degrade the 
radiation pattern, resulting in poor front-to-back (F/B) ratio.
Among the many reports of the TSA, veiy few authors provided the complete 360° E- 
plane and H-plane radiation patterns. Table 2.2 lists the design of a few LTSA works 
with complete radiation patterns.
LTSA Material sr t(mm)
tcf/Xo
ratio 6
Length
(Xo)
Width
(Xo)
F/B ratio 
(E-plane)
F/B ratio 
(H-plane)
1 Duroid 2.33 0.13 0.0018 11.4° 5.08 1.01 ~17dB ~15dB
2 Styrofoam 1.05 25.4 0.0167 11.4° 5.08 1.01 ~17dB ~15dB
3 Duro id 2.2 0.762 0.009 34.3° 0.93 0.58 ~7dB ~3dB
4 A lum ina 9.8 0.635 0.0041 11.3° 1.05 0.20 ~9dB ~10dB
Table 2.2: LTSA designs with complete radiation patterns 
LTSA 1 [1]; LTSA 2 [1], LTSA 3 [12] and LTSA 4 [13].
Both LTSA 1 and 2, fabricated by Yngvesson et al [1], have reasonably smooth and 
long tapered profile but different substrate materials. The LTSAs are designed at 
8GHz and their tefaXo ratios are within the optimum range. The F/B ratio of both the 
LTSA H-plane and E-plane are ~15dB and ~17dB, respectively, as shown in Figure 
2.14.
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Figure 2.14: Radiation patterns of LTSA 1 & LTSA 2 on different substrates [1].
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LTSA 3 by Schaubert [12] and LTSA 4 by Prasad et al. [13] have a length of 
approximately 1 Xo and are classified as electrically short LTSAs. Their characteristics 
are low gain, broad 3dB beam width and have no or few side lobes. Generally, the 
number of side lobes increases with the length of the tapered slot. As these antennas 
are short, they have very poor F/B ratio in both the planes.
The short LTSAs are believed to be radiating through a resonance mechanism rather 
than a travelling wave mechanism [1], which requires at least 2 to 3 wavelengths to be 
established. Although LTSA 3 at 7GHz has a tefXo ratio within the optimum range, its 
radiation patterns and F/B ratios are the worse, as shown in Figure 2.15. Its steep slot 
tapered profile due to the short antenna length results in poor directivity. LTSA 4 
operating at 9GHz, has a UjfXo ratio exceeding the optimum range but without the 
main beam splitting effect, as shown in Figure 2.16.
The above result shows that electrically long TSAs are more directive and have 
narrower 3dB beam width. Though they have more side lobes, their F/B ratios are 
better. The best reported LTSA F/B ratio is typically about 15dB to 17dB.
o
As it was not labeled in the 
original figure,
the below notations were taken:
-------------- E-Plane
 H - P l a n e
±180
Figure 2.15: Radiation patterns of LTSA 3 [12].
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Angle (degrees) 
(a) E-Plane
Angle (degrees)
(b) H-Plane
Figure 2.16: Radiation patterns of LTSA 4 [13].
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2.5 SUMMARY
In general, different combinations of antenna geometries give different radiation 
characteristics. The opening angle, aperture width and lateral width are closely 
interrelated. It is also noted that electrically long antenna gives better directivity, 
hence narrower 3dB beam widths for both the E-plane and H-plane. In addition, it 
demonstrated better front-to-back ratio and higher gain. However, there is an 
optimum length, beyond where the gain saturates.
There is an optimum range of about 0.005 to 0.03 for the %/To ratio. This restricts a 
maximum substrate thickness and dielectric constant for a particular operating 
frequency. When exceeded, it causes the main beam to split and gives a high side lobe 
level, and the antenna ceases to become useful. Below the lower limit, it results in a 
wider 3dB beam width, however staying within the range does not guarantee an 
excellent radiation pattern.
Hence, the operating frequency of the TSA is ultimately limited by its substrate 
thickness and dielectric constant. Careful optimisation of the antenna geometries is 
equally important to achieve good radiation performance.
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This chapter describes the principle of operation of the tapered slot antenna (TSA) 
and summaries the published theory and analysis. The dependency of the surface 
waves and the phase velocity on the substrate characteristics and the antenna 
geometries are also shown. This is followed by a study of the impedance and tapered 
profile of the TSA. Finally, reviews and simulations to deduce how the antenna return 
loss, which determines its efficiency, can be improved are given.
Travelling wave tapered slot antennas (TSAs) for millimetre-wave application are 
designed on standard substrates with a high dielectric constant and are electrically 
thick. The basic structure is shown in Figure 3.1, consisting of a slot on the conductor- 
clad substrate.
3.1 INTRODUCTION
ApertureI
Antenna S lo t-^
Conductor-Clad
Substrate
M ain Beam 
Radiation
Figure 3.1: The basic TSA structure.
For good performance, the TSA requires a thin and low dielectric constant substrate, 
as discussed in Section 2.3.4. However, most RF circuits prefer a high dielectric 
constant and a reasonably thick substrate to reduce interference and increase 
miniaturisation. These contradicting requirements make the integration of the TSA 
with the RF circuit in a single substrate complicated.
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3.2 SIMULATION
The bulk of this work is based on simulation using the industrial-leading commercial 
3D electromagnetic software, Ansoft High Frequency Structure Simulator (HFSS) 
version 8. The simulator uses the finite element method and it computes the antenna 
metrics, such as gain, directivity, far-field pattern cuts, far-field 3D plots, beam area 
and radiation efficiency.
The antenna is simulated inside an enclosed air box, where its surfaces are half a free 
space wavelength QAAd) away from the edges of the antenna. The surfaces of the box 
are set as a radiation boundary, which absorbs all the radiated power from the antenna 
and simulates the waves as if radiating infinitely far into space. Due to the electrically 
large dimensions of the design, more than 10 Ao by 5Ao of planar area, the simulator 
requires more than 15 hours of CPU time and about lGiga bytes of computer memory 
to provide the solution. Fortunately the design of the TSA is symmetric at the centre 
of the slot. This enables the simulator to define a symmetry plane and computes only 
half of the antenna, hence reducing the simulation time and memory. In the symmetry 
plane, the boundary is set to a perfect E (electric) wall instead of radiation, since the 
E-field is normal to the symmetry plane.
In addition, the loss of the substrate and the conductor are not simulated, and are set to 
zero throughout the simulation to reduce the simulation time and computer memoiy. 
Therefore, the simulation gives the directivity and radiating efficiency of a lossless 
antenna. Generally, these losses cause some of the signal power to dissipate as heat in 
the antenna structure and hence reduce the radiating power. In the simulation, those 
powers that are not radiated will be reflected back to the feed and degrade the return 
loss.
The two important electrical parameters of this antenna design are the radiation 
pattern and. the return loss. The radiation pattern is required to have a well formed 
main lobe, which contains most of the radiated power. Deep nulls are undesirable as 
they cause blind spots. In addition, all the side lobe and back lobe levels are to be
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minimised as they reduce the beam efficiency and directivity. The beam width is not 
crucial at this stage of the design, depending on the applications; a broad beam is 
required for wide area coverage whereas a narrower beam is required for sectored 
coverage. In all cases, a good return loss is vital to ensure that most of the power is 
transmitted.
3.3 ANTENNA FIELDS
The TSA has a wave travelling along its guiding structure in the direction of the 
maximum radiation. This travelling wave is a slow wave due to the loading of the 
dielectric, and is also referred to as a surface wave or trapped wave. The slow wave 
propagating within the slot is perturbed by the tapered profile and this causes it to 
radiate in the forward direction. As a result, it has a non-constant phase velocity and a 
complex propagation constant.
The fields propagating within the antenna slot are in the form of a quasi TE mode. 
These fields form the main beam radiation and when propagating at the optimum 
phase velocity gives a maximum directivity. On the other hand, the surface waves 
propagating on the conductor-clad substrate are TE and TM modes. Due to the finite 
size of the antenna, these fields are diffracted at the abrupt edges of the antenna. 
These spurious radiations degrade the radiation pattern.
3.3.1 Surface Waves
Surface waves propagate on the conductor-clad substrate with a non-zero thickness (f) 
and a relative dielectric constant (sf) greater than unity. Part of it is reflected back to 
the feed and part of it is radiated spuriously when it hits the edges of the substrate. 
Evidence of the excited surface wave is that the measured return loss has ripples 
across the bandwidth and the changes in the radiation pattern [14].
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The surface waves propagate in either TM or TE modes depending on the signal 
frequency. The characteristic equations for TM and TE modes on the grounded 
substrate are given as follows [15]:
n i / 2
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2 TCwhere (3 = —  is the guide wave niunber;
and kQ = —  is the free space wave number.
A
For the waves to propagate, p/kg has to be real and this is true only if:
1< A
\ f a  J
< (3.2)
For a substrate with thickness (/) of 0.254mm and relative dielectric constant (s,) of 
9.8, and limiting the value of p/kg as specified above in Equation 3.2, the propagation 
characteristic is plotted in Figure 3.2 using Equation 3.1.
The lower cut-off frequency of both the TM and TE propagating modes can be 
determined using standard equations [15]: 
nc
f iTM c 2 t f s r -1
n =0,1,2,3,...
J t e - c  4/V I^
TMn
TEn
(3.3a)
(3.3b)
where c is the free space velocity and n is the mode number.
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it/Xo)
Figure 3.2: Propagation characteristic against normalised substrate thickness for the 
fundamental TM and TE surface wave modes on a grounded substrate (sr =9.8).
From Figure 3.2 and Equation 3.3, the fundamental TM mode will always exist 
regardless of the operating frequency or substrate thickness. On the other hand, the 
fundamental TE mode will only begins to propagate at frequencies above 99GHz for 
the given substrate parameters.
The fundamental mode surface wave power (Psw) excited by a magnetic current (M) 
on an infinitely long and narrow slotline can be calculated as follows [16]:
(3.4)
where gn = f e rkl -J32
Applying the value of j3Zko obtained from the graphical solution of Equation 3.1 and 
3.2, into Equation 3.4, the variations of the surface wave power as a function of the 
relative dielectric constant are plotted in Figure 3.3.
P
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Figure 3.3: Variation of surface wave power for different substrate thickness (t) and 
relative dielectric constant (sQ at 35GHz and 60GHz.
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The result shows that the surface wave power increases with the frequency, the 
substrate thickness and relative dielectric constant, and at a higher rate for thicker 
substrate. A higher surface wave power indicates that more power is trapped or stored 
inside the substrate, which is undesirable for the antenna.
Due to the finite size of the grounded substrate, the surface waves will be diffracted at 
the edges. This diffraction results in spurious radiation causing distortion of the 
radiation pattern. The surface wave power that is not radiated is reflected back to the 
feed, which could damage the circuits connected directly to the antenna. The surface 
wave power increases with frequency, and is one of the main factors limiting the 
antenna for high frequency operations.
3.3.2 Antenna Slot Fields
The desired radiation beam comes from the fields within the slot and the propagating 
mode depends on the slot width. At the feed, the slot width is small compared with the 
free space wavelength (Xo) and the propagating mode is TE, which is similar to the 
transmission slotline. The conductor-clad substrate forming the antenna slot is not 
parallel to the direction of propagation. The slot width increases continuously along 
the antenna length and the E field is no longer transverse in the direction of 
propagation. It begins to propagate at an angle with respect to the propagation 
direction and forms a quasi TE mode of propagation.
The fields begin to radiate once the slot width is in the order of 0.5Ao [8]. Prasad et al 
[13] stated that radiation occurs when the slot wavelength (As), which increases with 
the slot width, is greater than OAAq.
3-8
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Hansen and Woodyard have shown that an end-fire travelling wave antenna has 
maximum directivity if it has the following velocity ratio [8]:
c l = 1 + _ ‘
v
3.3.3 Optimum Phase Velocity
(3.5)
2 A R
where A is the length and Xo is the free space wavelength. This equation states that the 
optimum slot field phase velocity ( vph) will always be slower than the free space 
velocity (c). The guide phase velocity can be reduced by introducing a substrate with 
relative dielectric constant greater than 1. The optimum velocity ratio as a function of 
electrical length (L/Xd) is plotted in Figure 3.4.
ote7tos
&
‘S_©
>
Length / Free Space Wavelength
10 12
Figure 3.4: Optimum velocity ratio (c/upd) as a function of 
length/free space wavelength (L/Xo)  at 35GHz.
This shows that the optimum guide phase velocity is dependent on the electrical 
length of the antenna and it approaches the free space velocity as the length of the 
antenna increases. For an antenna length above 2Xo, the optimum velocity ratio is less 
than 1.25. Hence the guide phase velocity has to be high in order to achieve maximum 
directivity for longer antennas.
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For the TSA, the slot wavelength (A) is a function of the frequency (f), slot width 
(JY), substrate thickness (t) and relative dielectric constant (sr). The wavelength ratios 
are given by Janaswamy and Schaubert’s [17] closed-form expression from least 
square curve fitting as follows:
For 3.8 < sr< 9.8 and 0.0015 < W/Xo < 0.075:
X W f VAA = 0.9217-0.277 In £•,. + 0.0322(-—)(-^— £ )Yl
fa * —--t-0.435
t
-0 .011n(f)(4 .6------ r- - - 3- 5 ) (3.6a)
^ - ( 9 . 0 6 - 1 0 0 ± )
For 3.8 < £, < 9.8 and 0.075 < W/Xo < 1.0:
i  = 1.05-0.046-, .+ 1 .411x10^ ( 5,.-1.421)hi[— - 2 .0 12 (1 - 0 .1465 ,,)] 
fa t
+ 0.111(1-0.3665,,) \W
fa
+0.139[l+0.52sr ln(14.7 -  sr)](— ) ln(— ) (3.6b)
fa fa
The velocity ratios, which are the inverse of the wavelength ratios given above, are 
plotted in Figure 3.5 as a function of electrical slot width (W/Xo) for a substrate 
thickness ( /)  of 0.254mm and a relative dielectric constant (5 ) of 9.8. It shows that 
the guide phase velocity varies as the width increases but is always slower than the 
free space velocity. Due to the tapering of the slot width in the TSA, the guide phase 
velocity is not constant, as shown in Figure 3.5. As the substrate dielectric constant is 
high and is electrically thick (tejf/Xo >0.03), it is not possible to achieve the optimum 
velocity ratio. The minimum velocity ratio is ~1.5 whereas the required optimum 
velocity ratio is less than 1.25 for an antenna length above 2Xq. Consequently, the 
guide phase velocity has to be increased in order to achieve maximum directivity.
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Slot Width / Free Space Wavelength
(a) 0.0015 < W/Aq < 0.075
Slot Width / Free Space Wavelength
(b) 0.075 < W/Ao < 1.0
Figure 3.5: Velocity ratio (c/uph) as a function of
slot width/free space wavelength ( W/Aq).
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3.4 RETURN LOSS
All practical antennas have some undesirable power reflected back to the feed. S- 
parameter (S\\), return loss (RL) and voltage standing wave ratio (VSWR) are 
measures of how much power is reflected back to the feed of the antenna. The amount 
of power reflected by the antenna depends on the antenna impedance, which consists 
of the self-impedance and the mutual impedance. The self-impedance is the 
impedance determined by the antenna on its own, whereas the mutual impedance is 
determined by the antenna and its surrounding. Therefore, the poor return loss of a 
TSA is caused by impedance mismatch along the slotline from the feed to the 
aperture, and between the aperture and the free space. In addition, as shown in the 
previous section, when the substrate thickness and dielectric constant are high, a 
substantial amoimt of surface wave power is induced on the conductor-clad substrate. 
These unwanted surface waves are either reflected back to the feed and degrade the 
return loss further, or radiated out spuriously.
The relationships between VSWR, RL, S\ i and the voltage reflection coefficient (T) are 
given as follows:
r  = Z'"~-?° (3.7a)
z , „ + z 0
(3.7b)
i - | r |  v ’
je t= -2 0 io glo|r| (3.7c)
K |  = 201og,„|r| (3.7d)
where Z,„ is the input impedance of the antenna and Z q is the characteristic impedance 
of the system, which is usually 50Q.
T is the voltage reflection coefficient where T2 is the proportion of power reflected. 
The widely acceptable minimum percentage of incident power radiated is 90%, which 
gives a T of 0.316. This corresponds to S\\ of -lOdB, or a return loss of lOdB or a 
VSWR of 1.925.
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The TSA is essentially a tapered slotline, except that its width is wider than the 
normal transmission line and the aperture is abruptly terminated. The continuous 
increase of the slot width along the antenna length can be seen as a tapered impedance 
tapered structure, matching the impedance of the feed and aperture.
The characteristic impedance of a wide slotline (Zos) can be obtained from Janaswamy 
and Schaubert [17] closed-form expression from least-square curve fitting. The 
empirical formulas stated for the given conditions have a maximum percentage error 
of 5.4% for Equation 3.8a and 5.8% for Equation 3.8b:
3.4.1 Impedance Matching between the Feed and Aperture
For 3.8 < s , < 9.8 and 0.0015 < W /A 0 < 0.075:
W
Z os =  73.6-2.15s,. + (638.9 -  31.37s,)(—)0,6 + ( 3 6 .2 3 ^ + 4 1 - 2 2 5 ) ^ ------f-
An W + 0.876s - 2
W  t A
+ 0.5 l(s, + 2.12)(-—)ln(100— ) -  0.753s, 0
An
(3.8a)
For 3.8 < s, < 9.8 and 0.075 < W /A Q < 1.0:
Z05 =120.75-3.74s, +50[tan“1(2 s ,)-0 .8 ](y )
l.iH 0.132(gr -2 7 .7 )
1 0 0 ( T ) + 5
aq
+ 14.21(1-0.458s,) 100— + 5.11n(s,)-13.1 W—  + 0.33
.ln[100(^- + J[100(^-)]2+ l]
2
Aq V A0
(3.8b)
The wide slotline characteristic impedance (Zos) as a function of the slot width 
normalised to free space wavelength (W/Ao) is plotted in Figure 3.6 using Equation 
3.8, for different substrate thicknesses (/) and relative dielectric constants (s,).
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Slot Width / Free Space Wavelength
(a) 0.0015 < W/Ao< 0.075
Slot Width / Free Space Wavelength
(b) 0.075 < W/Ao< 1.0
Figure 3.6: Wide slotline characteristic impedance (Zos) as a function of 
slot width/free space wavelength (W/Xo).
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The plots in Figure 3.6 show that the wide slotline characteristic impedance increases 
steadily with the slot width. The slot width of a typical TSA has a variation of at least 
0.5%, this gives a very high ratio of impedance difference between the feed and 
aperture. Therefore, TSA has to be electrically long in order to have good impedance 
matching between its feed and aperture.
The degree of the impedance matching achievable depends on the ratio of the 
impedances difference. A higher effective substrate thickness (%), that is either a 
higher substrate thickness (t) or a higher relative dielectric constant (£*,.), will increases 
the ratio and a longer taper length is required. The longer taper length ensures a 
smooth tapered profile and reduces the reflected power.
3.4.2 Impedance Matching between the Aperture and Free Space
Oraizi et al. [18] has shown that it is possible to devise a design procedure to optimise 
the TSA geometry for minimisation of the input reflection coefficient and the 
provision of impedance matching conditions, so that the radiation in the end-fire 
direction is maximised. However, it is equally essential to minimise the reflections 
between the aperture and free space.
The aperture impedance can be designed to match to the free space impedance at 
377H. However, using a horn antenna, Shlager et al. [19] has experimentally shown 
that significant reflections still occurred even though the aperture is 311 fl.
The same problem is observed for a TSA demonstrated using HFSS simulations. The 
wide slotline characteristic impedance (Zos) with a substrate thickness (t) of 0.254mm 
and a relative dielectric constant (sr) of 9.8 is about 311C2, as shown in Figure 3.7, 
with a width of 0.2% at 35GHz. The termination at one end is subsequently removed 
to enable radiation into free space, hence simulating a CWSA.
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Figure 3.7: Wide slotline (and CWSA) impedance with slot width of 0.2A  
as a function of frequency ( f ).
Frequency (GHz)
Figure 3.8: S\ \ of CWSA with slot width of 0.1 A, 0.2Xo (-377Q) and 0.4Xo 
as a function of frequency ( f ).
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From Figure 3.8, the simulated S n  of the CWSA with a slot width of 0.2Ao shows that 
there are significant reflections from the aperture even though its slot impedance is 
matched to the free space (~377f2). This agrees with Shlager’s observations. As seen 
in Figure 3.7, with the termination at one end removed (i.e. simulating a CWSA), the 
simulated input impedance no longer maintains constant at 377H and has resonances. 
Hence, there is a standing wave and the radiating efficiency is reduced. Instead, a 
CWSA with a wider slot width of OAAo has a better return loss, as seen in Figure 3.8. 
However, the return loss does not indicate the amount of power couple to the 
undesirable surface waves. Excessively wide width gives high slot impedance, which 
reduces the magnetic field in the slot. This increases the power coupled to the 
undesirable surface waves in the ground planes and increases the spurious radiation. 
Calculation using Equation 3.8 shows that the slot impedance of the TSA can increase 
beyond 1000£2 for a width of \ A q .  Therefore, a wider slot width gives a better return 
loss but the induced surface waves will degrade the radiation pattern.
3.4.3 Input Impedance
From the transmission line impedance tapering theory, if the tapered profile is 
electrically long and smooth, the input impedance (Zin) of the TSA is dominated by 
the impedance at the feed. Hence it can be determined using the wide slotline 
characteristic impedance equations, as stated in Equation 3.8, and is dependent only 
on the feed slot width rather than the tapered profile.
The characteristic impedances of the wide slotline (Zos) on the same substrate but with 
different widths are plotted as a function of frequency (/’), as shown in Figure 3.9. 
The result shows that wide slotline characteristic impedance is not constant over a 
wide bandwidth and the variation over the frequency range increases as the slot width 
increases. This demonstrates that in order to achieve a wider bandwidth a smaller feed 
slot width is desired.
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Frequency (GHz)
Figure 3.9: Wide slotline characteristic impedance (Zos) as a function of frequency ( f ) 
with the same substrate but different slotline widths.
3.4.4 Impedance Responses
Yngvesson et al. [8] measured the input impedance (Z,„) of a LTSA without a 
substrate. A metal fin antenna was used and it has an input impedance of 800 from 
4GHz to 12.4GHz, which is essentially independent of the frequency. They expected 
the same for a LTSA on a thin substrate (tej/Ao <0.03) of 0.13mm.
The input impedance of the LTSA on substrate was first measured by Lee and Simons 
[2] using RF on-wafer probes and a set of on-wafer Thru-Reflect-Line (TRL) slot line 
calibration standards. Three LTSAs with an feed slot width (A) of 0.17mm but 
different opening angles (0  ) and lengths (L) are designed on a substrate with 
thickness (/) of 0.254mm and a relative dielectric constant (sr) of 10.5. The Zin are 
measured from 2 to 26.5GHz, as shown in Figure 3.10.
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Frequency (GHz)
a) 0= 5°, lf=4.55mm, L=25.4mm
Frequency (GHz)
(b) 0=20°, W=\8.59mm, L=25.4mm
Difference: <200Q
10 15 20
Frequency (GHz)
25 30
(c) 0=10°, JF=26.9mm, L=76.2mm 
Figure 3.10: Real input impedance (Z,„) of the LTSA as a function of frequency (f)[2\.
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All the impedance responses in Figure 3.10 have resonances due to reflections, where 
the number increases proportionally with the antenna length. The electrical lengths of 
the LTSAs for (a) and (b) vary from 0.17Ao to 2.24Ao whereas (c) is longer; it varies 
from 0.51 Ao to 6.73Ao. The resonance amplitude is higher when the antenna has a 
narrower aperture, as in (a). It has the smallest radiation aperture hence the lowest 
radiated power and more reflections to the feed.
Simulations are carried out to investigate the impedance mismatch between the feed 
and aperture of the LTSA. A relatively wide aperture width (IT) of 1.3 Aq at 35GHz is 
chosen to minimise the reflections at the aperture boundary. Likewise, a low relative 
dielectric constant of (£r) of 2.2 is selected to reduce the effect of the unwanted 
conductor-clad substrate surface waves. With a 0.2mm feed width (A) and 1.3Ao 
aperture width (W ), three different lengths (L  =  2Ao, 5Ao and 8Ao) generating different 
tapered profiles but subjected to similar aperture boundary reflections, are simulated.
Frequency (GHz)
Figure 3.11: Real input impedance (Z,„) of the LTSA as a function of frequency ( f ) 
with the same aperture width ( fV) but different lengths (L).
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The simulated result in Figure 3.11 shows that electrically long LTSA has lesser 
impedance fluctuations, though more resonances. The longer length ensures a 
smoother tapered profile, hence better impedance matching characteristic. This 
minimised the reflections along the length and the impedance is matched between the 
two ends over a wide bandwidth. Radiation efficiency is also enhanced by the longer 
length, which reduces the reflection power from the aperture consequently. Hence a 
gentle tapered profile should be obtained by keeping the opening angle small, without 
compromising the radiation aperture by ensuring the length and aperture width is 
sufficiently long and wide, respectively.
3.5 SUMMARY
It is well established that TSAs when designed on substrates which are electrically 
thick and with high dielectric constant, have veiy poor radiation characteristics. The 
analysis here, using basic principle equations and simulations, shows that it is caused 
by the large impedance of the TSA, the slow phase velocity and the high surface wave 
power.
The slot impedance of the TSA is computed using the wide slotline equation and is 
shown that the impedance increases with slot width, substrate dielectric constant and 
thickness. It is also shown through simulation that matching the impedance of the 
TSA slot with the free space does not necessitate good return loss. Instead, a wider 
slot width has a better return loss.
The phase velocity of the slot field in the TSA is also computed using the same set of 
equations. For the given substrate parameters, it is slower than the optimum phase 
velocity required to achieve the maximum directivity. The surface wave power for an 
infinitely long constant narrow width slotline is also computed. The result shows that 
the surface wave power also increases with the substrate thickness and dielectric 
constant.
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All the above findings show that TSA is not suitable to be designed on substrates 
which have high dielectric constant and are electrically thick. As a result, TSAs are 
not attractive in millimetre-wave operations unless some solutions can be found.
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4.1 INTRODUCTION
The tapered slot antenna (TSA) is not suitable to operate at millimetre-wave 
frequencies when it is realised on a thick and high dielectric constant substrate, such 
as Duriod, Alumina, GaAs and InP. The analysis in Chapter 3 shows that, as the ratio 
of the substrate thickness and the operating wavelength (t/Ao) increases with the 
operating frequency, the unwanted surface wave power increases in addition to the 
slot impedance, while the phase velocity decreases. These effects are thought to cause 
the E-plane main beam breaking up and high side lobe levels. In addition, the 
radiation efficiency becomes veiy poor, where most of the power is reflected back to 
the feed. This has been shown by many researchers [l][20-22] and the antenna ceases 
to become useful.
For optimum performance of the TSA, the relationship of the substrate parameters 
and the operating wavelength are restricted to a range. From Equation 2.1 [1]:
where te/f the effective substrate thickness and Ao is the free space wavelength. The 
maximum optimum operating frequency for a standard Duroid substrate with a 
minimum thickness (t) of 0.254mm and a relative dielectric constant (£*,) of 10 is less 
than 17GHz. This is a serious drawback for the TSA when operating at millimetre- 
wave frequencies. A simple and novel method is proposed to overcome the main 
beam splitting of the TSA fabricated on a thick and high dielectric constant substrate. 
This is preceded by a brief discussion on a few other solutions reported to date. The 
chapter concludes with a brief summary on the design and performance of the 
proposed antenna.
(4.1)
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4.2 REPORTED SOLUTIONS
A few of the solutions reported to increase the operating frequency of the TSA beyond 
the optimum limits of the effective substrate thickness are membrane support of the 
conductors, micromachining and substrate removal.
4.2.1 Membrane Support of the Conductors
To meet the requirement for a small tefaXo ratio, TSAs are fabricated on thin dielectric 
membranes, usually Si based with a relative dielectric constant (er) of about 4 and a 
thickness (/) of about 2pm and [5][6]. Unfortunately at millimetre-wave frequencies, 
the maximum achievable membrane thickness is electrically too thin, causing tefaXo 
ratio to be smaller than the minimum optimum value of 0.005. Therefore, this solution 
is only useful for sub millimetre-wave frequencies operations. Moreover the 
fabrication process is expensive and complicated, involving multiple growth and etch 
steps. In addition, it is mechanically fragile due to the thin supporting membrane.
Figure 4.1: Membrane support of the conductors.
4.2.2 Micromachining
Though normal printing or PCB etching is easier, thin substrates are not feasible to 
fabricate and are not mechanically reliable. However, the effective dielectric constant 
(£eff) of the substrate can be reduced by micromachining while maintaining a 
reasonable substrate thickness. This has been successfully demonstrated by Muldavin 
et al. [20] and Rizk et al. [23].
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In this technique, an array of small holes is drilled closely so that the volume of the 
substrate is reduced. Depending on the ratio of the diameter (Dh) and spacing (Sh) of 
the holes, £^is reduced as given [23]:
l - i f D * l
2 “
71 
+  — ( ° h )
2 U J 2 U J
Thick substrate 
with periodic 
holes
Figure 4.2: Micromachining.
Their works are summarised in Table 4.1, where the relative surface wave power 
(Psw) and the free space velocity to slot field phase velocity ratio (c/vph) are computed 
using Equation 3.4 and 3.6, respectively.
Muldavin et al. |20] (7=1.27mm at 30GHz) Rizk et al |23] ( t =0.1 mm at 90GHz)
Normal Micromachined Normal Micromachined
£^  = 2.2 £^=1.46 £ r= \\.l
inII
0.061 2# 0.026Xo 0.0732# 0.0382#
Psw 1.824 1.05 2.934 1.796
c
Vph
1.17
(Optimum at 1.12
1.07
at antenna aperture)
1.60
(Optimum at 1.13
1.21
at antenna aperture)
Table 4.1: Effects of micromachining.
Muldavin et al. [20] fabricated a 30GHz TSA on synthesised low dielectric constant 
substrates with a thickness (f) of 1.27mm and a relative dielectric constant (er) of 2.2. 
Micromachining gives a lower % , bringing %/% ratio to be within the optimum 
range of 0.005 to 0.03, and reduces the surface wave power (Psiv), which accounts for 
the significant improvement of the radiation pattern. There is not much variation to 
the velocity ratio (c/vph), which is already close to the optimum ratio.
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On the other hand, Rizk et al. [23] fabricated a 90GHz TSA on micromachined silicon 
substrates with thickness (/) of 0.1mm and a relative dielectric constant (5 .) of 11.7. 
Again, the lower eeff gets tefafa ratio closer to the optimum range. The surface wave 
power (Psw) is reduced and the velocity ratio (dvph) increases towards the optimum 
ratio, resulting in the improvement of the radiation pattern.
Their work shows the importance of reducing surface waves, which reduces spurious 
radiation in the conductor-clad regions and enhances the radiation pattern. 
Simultaneously, it is also essential to optimise the velocity ratio (c/vph) in order to 
achieve maximum directivity. However, the fabrication process is very complicated; it 
requires either etching or drilling, depending on the substrates.
4.2.3 Slot Substrate Removal
Great improvement in antenna performance can be achieved by removing the slot 
substrate [1] [24]. Yngvesson et al. [1] fabricated a linear taper slot antenna (LTSA) 
operating at 35GHz on a Duroid substrate with a thickness (/) of 0.25mm and a 
relative dielectric constant (sr) of 10. This gives a tej f /fa  ratio of 0.06, which is 
significantly higher than the maximum optimum value of 0.03. However, when the 
substrate within the slot is removed, it can produce a narrow beam pattern for both the 
planes and has a low side lobe level.
Substrate 
removed
Figure 4.3: Substrate removal.
The disadvantage of this technique is that the removal of the substrate within the slot 
is sometime difficult for rigid material, such as Alumina, which requires laser cutting.
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The difficulty is increased for non-linear tapered profiles, such as exponential. In 
addition, the removal of the slot substrate causes the antenna to become mechanical 
fragile.
4.3 PROPOSED DESIGN
The methods described previously aim to reduce the effective dielectric constant or 
thickness (sejf or tef )  so that the undesirable surface wave power (Psw) on the ground 
planes is reduced and the slot field phase velocity (vpi,) is increased. However, all of 
these techniques require complex and expensive physical modifications of the 
substrate. This destroys the important advantage of simplicity of the TSA and the 
antenna becomes more fragile. Consequently there are limited commercial interests in 
the TSA at millimetre-wave frequencies. A simple and novel method is proposed to 
improve the radiation pattern without physical modification of the substrate, which is 
by incorporating of metal strip gratings printed on both sides of the substrate.
The Duroid substrate used for this TSA has a thickness (7) of 0.254mm and a relative 
dielectric constant (sr) o f 10. For the TSA operating in the microwave Ka-band 
centred at 35GHz, the tej/Ao ratio of 0.064 is significantly larger than the maximum 
optimum value of 0.03. Both the thickness and relative dielectric constant determine 
the surface wave power, the phase velocity and the output impedance of the antenna. 
The surface wave power, which increases as a function of the frequency for a 
common substrate, has to be small for a low side lobe level and high radiation 
efficiency.
The amount of surface wave power induced depends on the polarisation of the field 
and discontinuities in the design, i.e. when the conductor or the substrate geometry is 
modified, the surface wave power increases. This effect is shown in Figure 4.4, where 
the radiation efficiency of dipole and patch antennas fabricated on the conductor-clad 
substrate were measured as a function of the ratio of the substrate thickness to the free 
space wavelength (t/Ao).
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The radiation efficiency (rj) of the antenna is given as [25]:
rj = — ^ —  (4.3a)
Prad + Psw
Psw = l - r j  (4.3b)
where P rad and Psw  are the radiated power and the surface wave power, respectively.
(it/Xo)
Figure 4.4: Efficiency for printed antenna as a function of 
substrate thickness/free space wavelength for sr=\2.8 [25].
The measured result shows that the surface wave power causes the reduction of the 
antenna efficiency when the substrate is electrically thick. In addition, spurious 
radiation from the high surface wave power increases the side lobe level and distorts 
the radiation pattern. Generally, in order to avoid surface wave effects, the substrate 
thickness used is less than 0.01% [25], which is only 0.086mm at 35GHz.
The phase velocity determines the antenna directivity in the end-fire direction. The 
optimum free space velocity to slot field phase velocity ratio (c/vph), which gives a 
maximum directivity is given by the Hansen-Woodyard condition, as shown in Figure 
3.4. However, for the given substrate parameters with the slot width ranging from
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0.4/1 o to IXo, the computed velocity ratio (c/vpi,) ratio, as shown in Figure 3.5, is 
greater than the optimum ratio. As a result, the TSA designed on the given substrate 
parameters will not have maximum directivity and narrow 3dB beam width.
The width of the tapered slot should be in the order of 0.5X0 for effective radiation [8]. 
Usually, the width of the aperture of the TSA is designed to be greater than 1 Xq wide 
for better performance. However, the impedance of the slot increases as the width 
increases, as shown in Figure 3.6. When the slot width is greater than 0,075A  (Figure 
3.6b), the impedance also increases with the substrate dielectric constant and 
thickness. For the given substrate parameters, the calculated impedance of a IXo slot 
width from Figure 3.6b is about 1100Q. This reduces the magnetic field strength in 
the slot, which increases the surface wave power in both the ground planes and 
increases the spurious radiation. In addition, the non-radiated field are reflected back 
to the feed and gives a poor return loss.
The corresponding aperture field distribution of a far field radiation pattern of the 
antenna can be computed using the Taylor pattern. The far field radiation patterns 
with side lobe levels of -lOdB, -15dB, -20dB and -25dB, are plotted with their 
respective aperture field distributions, as shown in Figure 4.5 [26]. The result shows 
that the side lobe level decreases as the aperture amplitude at the edge decreases 
relative to its centre. For a minimum side lobe level, the amplitude distribution is a 
maximum at the centre and decreases toward both ends, as shown in Figure 4.5(d). 
Also, as seen from Figure 4.5, the beam width of the main beam increases as the side 
lobe level decreases.
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1 ----------- ----------------------- (c) 20dB Side Lobe Level
■5s
c
0.5 - ?  0.5
|
06
0 0
-10 -5 0 5 10 .1 o 1
Normalised Width
Figure 4.5: Far field radiation patterns with their respective aperture magnitude field
distributions [26].
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4.3.1 Basic LTSA
A LTSA with the dimensions given in Figure 4.6, is simulated using the High 
Frequency Structure Simulator (HFSS) from Ansoft to obtain its field distribution. The 
design of this LTSA is taken from Yngvesson et al. [1], fabricated on a Duroid 
substrate with a thickness (/) of 0.254mm and a relative dielectric constant (£-r) of 10. 
Operating at 35GHz, the LTSA has a % %  ratio of 0.064, which is significantly larger 
than the maximum optimum value of 0.03. In the simulation, the loss of the substrate 
and conductor are set to zero so that the antenna is lossless. The effects of having a 
teff/Ao ratio greater than the optimum range can be observed in the simulated result.
22#= 17.143mm
11.236mm 
22#= 17.143mm
Figure 4.6: Design of the basic LTSA based on Yngvesson et al.[ 1],
The simulated field distribution, with the relative amplitude level based on the colour 
key, is shown in Figure 4.7(a). The simulation shows that majority of the field only 
propagates along the conductor edge and not in the slot. The low relative amplitude in 
the slot shows that most of the power is coupled into the surface waves. This results in 
a very weak field at the centre of the aperture. The edge travelling fields continue to 
travel along the antenna lateral ends to its sides, where a portion of it is being radiated 
at the lateral end. This radiated field, together with the main beam radiation from the 
aperture, formed the radiation pattern. Therefore, the effective aperture consists of 
both the slot width opening and the antenna lateral edges.
102-o = 85.714mm
4-10
Chapter 4
Colour Key
H field 
Amplitude 
Level
▲SB
MM
Bore Sight I
Linear Taper Slot Antenna on Thick Substrates
Centre of Antenna
(a) P lan V iew
'/2 Antenna Width (Effective Aperture)
horizontal
field
distribution
Vi Slot Width (Aperture)
i r*-------- ►
vertical field
distribution
* - * - ---------------- ---- ----------j Centre of Antenna
(b) E nd V iew  -  effective aperture  field d istribu tion  
F igure 4.7: S im ulated  H -field  d istribu tion  o f  the sym m etrical LT SA  w ith  er= \0 .
Angle (degrees)
Figure 4.8: Simulated radiation patterns of the LTSA with £-r=10 (bore sight=0°).
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The far field radiation pattern of the antenna is a function of its aperture field 
distribution, where the horizontal (y-axis) and vertical (x-axis) field distributions, as 
shown in Figure 4.7(b), determine the E-plane and H-plane far field radiation patterns, 
as shown in Figure 4.8, respectively.
The edge travelling field amplitude is higher than the slot field and the effective 
aperture field distribution in the horizontal axis has several peaks along the lateral end 
and a null at the centre, as shown in Figure 4.7(b). This type of aperture field 
distribution gives a high side lobe level, as shown in Figure 4.5(a). As a result, the E- 
plane side lobe level is -7dB with a 3dB beam width of 23.3°, as shown in the 
radiation pattern in Figure 4.8. On the other hand, the aperture field distribution in the 
vertical axis has a significantly smaller width and a peak in its centre with no null. 
This results in an H-plane with a wide 3dB beam width of 62°. Although it has no 
side lobes, it has several ripples. The front-to-back (F/B) ratios are 8.5dB and 5.5dB 
for the E-plane and H-plane, respectively. The directivity of the antenna is 9.4dB and 
the return loss is 7.2dB. The poor return loss indicates most of the power is not 
radiated out but is reflected back. The high side lobe level, low front-to-back ratio and 
poor return loss make the TSA not usable at this frequency.
The same LTSA design is simulated next using a lower relative dielectric constant (s,) 
of 2.2. It has a te//Xo ratio of 0.014 at 35GHz, which is within the optimum limit. The 
simulated result in Figure 4.9 shows that the field power in the slot increases, which 
causes the power of the aperture field distribution at the centre to increase in the 
horizontal axis. This also reduces the number of peaks along the lateral end. As a 
result, the E-plane side lobe level decreases to -14.3dB with a 3dB beam width of 20°, 
as seen in Figure 4.10. In addition, the aperture field distribution in the vertical 
direction is wider; therefore the H-plane 3dB beam width reduces to 20°. This gives a 
significantly higher directivity of 15.6dB. The front-to-back ratios increase to 13.5dB 
and 14dB for the E-plane and H-plane, respectively. It has a return loss of 17.1 dB, 
which indicates most of the power is radiated out.
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Figure 4.9: S im ulated  H -fte ld  d istribu tion  o f  the sym m etrical LT SA  w ith er=2.2.
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Figure 4.10: Simulated radiation patterns of the LTSA with er=2.2 (bore sight=0°).
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The substra te  w ith  a low er d ielectric  constan t has low er slot im pedance, as show n in 
F igure 3.6. T his helps to  increase the m agnetic  field  m agnitude in the slot and hence, 
reduces the pow er coup led  to the undesirab le  surface w aves in both  the ground planes. 
In addition , the low er substrate  d ie lec tric  constan t gives a h igher velocity , as show n in 
F igure 3.5. T his helps to  ach ieve a velocity  ratio  c loser to  the op tim um  value for 
m axim um  directivity .
4.3.2 LTSA with Metal Strip Gratings
The sim ulated  resu lt in the p rev ious section, for the tw o L TSA s w ith  d ifferen t % /%  
ratios, show s that the w eaken ing  o f  the slot field  and the h igh surface w ave pow er are 
the m ain causes fo r the p o o r an tenna characteristics. The fundam ental TM  m ode o f  
the surface w aves is set up w hen the transverse  current on the slot is too w eak to 
excite  the slot TE m ode [27]. T o increase the relative transverse  curren t on the slot, its 
im pedance should  be reduced.
T he slot im pedance can be reduced  by reducing  the w idth o f  both the ground planes; 
the slot line is then  effec tively  converted  to  a coplanar strips (C PS), as show n in 
F igure 4.11. The m ode o f  p ropagating  in th is structure is a T EM  as both  the E-field 
and  H -field  are transverse  to  the d irection  o f  propagation . T his is d ifferen t from  the 
slo tline structure, w here the m ode o f  p ropagation  is TE.
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W c p s  W c p s  ,  -  Conductor
t, 5 cps <•
-D >1 t4
(b) End View 
Figrn’e 4.11: The coplanar ships (CPS) design.
The impedance of the CPS is given as follows [28]:
7 _ 120k K (k cps)
CPS W a r s )
CPS
',Jr 2 K (k CPS) KQfc^ ,)
k c p s  —
C^PS1
CPS
S + 2  W°CPS  ~  cps
sinli f l S c p s
L 41 )
sinh ^ { ^ c p s  +2IFcps)
I 41 y
kCps ~~
2
CPS
(4.4a)
(4.4b)
(4.4c)
(4.4d)
(4.4e)
(4.4f)
K (k CPS)  and K ( k ‘CPS)  are the complete elliptic integral of the first kind and its 
complement. Their ratio is given as follows [29]:
for 0.5 < kcPS <1
K jkcps) _  J_ jn 
K (k CPs )
2(1 + ■yjkci’s )
1 - j k *CPS
(4.4g)
for 0.0 < kfps <0.5 
K (k CPS) _ 7U
K ( k 'CPS)
In 2 ( X ) '
1 — -\jkCPS
(4.4h)
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The impedance for a slotline structure with a slot width of 8.57mm, i.e. 1Ao at 35GHz, 
is approximately 1100Q from Figure 3.6(a). On the other hand, using Equation 4.4, 
the computed impedance is 3160 for the same slot width ( S c p s )  of 8.57mm, and both 
the ground conductors width (W c p s ) reduce to 1.3mm. As a result, the impedance of 
the slot is reduced by a factor of more than 3.
Even though the impedance of the slot is reduced, discontinuities still excite 
undesirable surface waves in the CPS structure. In addition, the non transverse 
polarised E-field and the asymmetries of the transmission line due to fabrication error 
increase the excitation of the TM surface waves. The power coupled to the surface 
waves also increases with the operating frequency for a given substrate thickness and 
dielectric constant.
This non transverse polarised E-field component power can be reduced by introducing 
capacitive metal strips on both sides of the substrate, as shown in Figure 4.12. The E- 
field component in the TM surface waves travels in the direction of propagation, i.e. 
in the z direction. The longitudinal metal ship gratings causes the E-field to propagate 
transversely, therefore reduces the z directed E-field, which formed the undesired TM 
surface waves at the operating frequency.
The new structure in Figure 4.12 consists of metal strip gratings on each side of the 
main slot and on the underside of the substrate. The design of the metal ship gratings 
was varied via trial and error to obtain the best radiation pattern with a minimum side 
lobe level and return loss. The substrate dielectric constant and thickness remain the 
same and therefore the tef/Ao ratio maintains at 0.064 for operation at 35GHz. All 
other dimensions are similar to the basic LTSA in Figure 4.6.
The increase in the number of the metal strips improves the directivity and front-to- 
back ratio but there is an optimum number above which the improvement is saturated. 
The best result was obtained with 6 metal ships on each side of the main slot and 24 
metal strips on the underside. The dimensions of all the metal strips are made constant 
in this design. The radiation characteristic of the antenna is also affected by the 
length, width and gap of the metal ships.
4-16
Chapter 4 Linear Taper Slot Antenna on Thick Substrates
■ • - . .‘...h ..; v>; • / ©■? i l l ;
Metal strips 
Length 53.8mm 
idth tapered from 
0.5 to 0.4mm. 
Separation tapered 
from 0.5 to 0.6mm
(b) Underside 
Figure 4.12: Design of the LTSA with gratings.
Although the metal strip gratings are introduced to reduce the surface waves, they also 
vary the slot impedance in addition to the phase velocity of the propagating signal. 
The change of the impedance is due to the close proximity of the metal strips, which 
inevitably have coupling capacitances between them. Two of the main capacitance 
elements are, vertical coupling capacitance (Co) between the opposite metal strips, 
and the lateral coupling capacitance (Cjr) between the adjacent lateral metal strips, as 
shown in Figure 4.13.
CL
Figure 4.13: Partial end view of the new structure and 
the coupling capacitances of the metal strips.
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Their capacitance values are as given as follows [27]:
(4.5a)
(4.5b)
k =  -ALKCS a , 0 (4.5c)
where K(kcs)  and K(k‘cs)  are the complete elliptic integral of the first kind and its
complement. The width (Wes) and the gap (Scs) dimensions of the metal strips 
determine the coupling capacitances. Hence, the impedance and the phase velocity are 
affected, as they are a function of the capacitances. Consequently, the radiation 
pattern and the return loss of the antenna, which depend on the impedance and phase 
velocity, are affected. Generally, varying the length of the metal strips, shifts the 
centre operating frequency. Increasing the gap or reducing the width of the metal 
strips gives a better return loss. However, this reduces the directivity. To compromise, 
the width of the metal strips is tapered linearly, from 0.5mm to 0.4mm towards the 
radiating end, instead of maintaining a constant width.
The simulated field distribution of the LTSA with gratings in Figure 4.14(a), shows 
that the relative amplitude of the slot field has increased. For the effective aperture 
field distribution, the normalised amplitude of those undesired peaks at the edge of the 
antenna has reduced and the maximum field now occurs at the centre of the aperture. 
This gives a field distribution closer to the aperture field distribution with a low side 
lobe level, as shown in Figure 4.5(d). The simulated radiation pattern in Figure 4.15 
shows that the E-plane has no side lobes and has a 3dB beam width of 38°. Its front- 
to-back ratio is 20.5dB, a 12dB improvement over the basic LTSA. On the other hand, 
the H-plane 3dB beam width is 65° and has no side lobes, as the vertical aperture field 
distribution rolls off at a faster rate and has a significantly smaller width than the 
horizontal direction. Its front-to-back ratio is 21.5dB, which gives a 16dB 
improvement over the basic LTSA. Finally, the directivity and the return loss of the 
antenna have improved to 9.42dB and 16.7dB, respectively.
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F igure 4.14: S im ulated  H -field  d istribu tion  o f  the sym m etrical LT SA  w ith gratings.
Angle (degrees)
Figure 4.15: Simulated radiation patterns of the LTSA with gratings (bore sight=0°).
4-19
Chapter 4 Linear Taper Slot Antenna on Thick Substrates
4.4 MEASUREMENTS
T he rad iation  patterns o f  the 35G H z L T SA  are m easured in an anechoic  cham ber, 
w hich  is 6m  long, 4m  w ide and 3m  high. The anechoic cham ber is sh ielded and 
installed  w ith  m illim etre-w ave convo lu ted  absorber, w hich has absorp tion  o f  50dB  at 
30G H z. T he m easurem ent set-up is show n in F igure 4.16.
A 17.5G H z signal, m odulated  by a 500K H z pulse, is generated  using  a frequency 
synthesiser. The frequency  o f  the m odula ted  signal is doubled  by  a frequency 
m ultip lier to 35G H z and  rad iated  th rough  a standard  20dB gain  horn  antenna. The 
horn  an tenna is vertically  po larised , as show n in F igure 4.17, and for co-polarised  
m easurem ent, it m ust be set to the sam e p lane as the an tenna under test (A U T).
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The 35G H z LTSA , w hich  is the A U T , has a slotline feed and is no t com patib le  w ith 
the standard  m illim etre-w ave connectors, w hich require e ither a C PW  o r m icrostrip  
configuration . A s a result, the an tenna cannot be connected  d irectly  to the test 
equipm ent for its rad iation  pattern  m easurem ents. To overcom e this problem , a zero  
b iased  diode detector, A g ilen t H SC H -9161, is so ldered across the slo tline feed o f  the 
antenna, as show n in F igure 4.18. T he diode detector detects the received  m odulated  
m illim etre-w ave signal and  output a 500kH z dem odulated  signal. The low  frequency 
dem odulated  signal is subsequently  connected  to  the test equ ipm ent using  a norm al 
BN C cable.
Figure 4.18: Fabricated 35GHz LTSA with diode detector mounted for measurement.
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The far field range of the LTSA is estimated as [30]:
where D is the aperture width and must be greater than the free space wavelength fa. 
The LTSA effective aperture consists of both the aperture width and lateral width, as 
discussed in Section 4.3.1. Therefore, the dimension D is equal to the entire width of 
the LTSA, which is 45.52mm. This gives a minimum far field distance of 0.48m.
The receiving LTSA is placed on a turntable, 0.6m away from the radiating horn 
antenna. The LTSA is rotated with a step size of 5 degree and its output power is 
measured by a spectrum analyser. The LTSA is placed vertically for the E-plane 
measurement and horizontally for the H-plane measurement. The plane of the 
radiating horn antenna is also set accordingly with respect to the LTSA. The complete 
360° far-field radiation patterns are plotted in Figures 4.19 and 4.20. Each plot 
consists the measured radiation patterns of the LTSA with gratings and the basic 
LTSA.
Angle (degree)
Figure 4.19: Measured E-plane radiation patterns of
the basic LTSA and the LTSA with gratings (bore sight=0°).
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Figure 4.20: Measured H-plane radiation patterns of 
the basic LTSA and the LTSA with gratings (bore sight=0°).
The basic LTSA is based on Yngvesson et al. [1] design. The measured result here for 
the basic LTSA are closed to the result obtained by Yngvesson et al., as shown in 
Figure 2.11. The basic LTSA E-plane has a poor radiation characteristic with a deep 
null of -61.8dB and a high side lobe level of -13.5dB. On the other hand, the LTSA 
with gratings has a well formed main beam in the forward direction with no side 
lobes. In addition, the LTSA with gratings has a higher front-to-back ratio than the 
basic LTSA. Both LTSAs have similar H-plane radiation patterns with no deep null 
and no side lobes. From the measurements, the metal strip gratings have demonstrated 
that it has effectively eliminated the main beam splitting effects and side lobes of the 
LTSA fabricated on a substrate with a teg/Ao ratio greater than the maximum limit of 
0.03.
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4.5 SUMMARY
The critical problems of TSAs designed on substrates with high dielectric constant 
which are electrically thick have been the primarily research focus in the recent years. 
Although several solutions have been developed, they are costly and complex. These 
remove one of the important advantages of TSA as a printed antenna.
A simple and novel design is presented to overcome the problem. It incorporates 
metal strip gratings printed on both sides of the substrate. The metal strip gratings 
help to reduce the excessive high slot impedance and increase the magnetic field 
strength within the slot. Simultaneously, the new design also reduces the undesired 
TM surface waves, which radiate spuriously or reflect back to the feed. All these lead 
to a higher radiation efficiency and a lower side lobe level.
The simulated result for the new 35GHz LTSA with gratings has no side lobes for 
both the planes. The introduction of metal strip gratings gives at least lldB 
improvement on the F/B ratio, which is 18dB for the H-plane and 20dB for the E- 
plane. In addition, there is also a 9dB improvement in the return loss, which is 
16.67dB.
The measured result of the basic LTSA and the LTSA with gratings supported that the 
new design can help to overcome the main beam splitting and deep nulls cause by 
high effective substrate thickness (tefffa ), as specified in Equation 4.1. Unlike other 
methods, this new solution maintains the simplicity and low cost fabrication of the 
TSA. However, the design becomes more complex due to the need to optimise the 
parameters of the metal strips.
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Metal strip gratings have successfully been demonstrated in Chapter 4 to reduce the 
unwanted surface wave power in an electrically thick substrate. This gives higher 
radiation efficiency and suppresses the side lobes. This chapter will give further 
analysis on the design of the metal strip gratings using a 4Ao LTSA at 35GHz. The 
focus of this design is to maximise the directivity without compromising the other 
characteristic, such as the return loss, side lobe level and front-to-back (F/B) ratio. A 
novel step-tapered profile, which maximise the directivity of the antenna without 
increasing the antenna length, is also presented. The step-tapered profile focuses on 
matching the impedance of the feed to the aperture, which is higher than the free space 
impedance. With multiple constant width sections, it has a higher directivity than the 
linear taper profile for the same length. A smaller antenna with a length 2.5Ao, operating 
at 28GHz, is designed using this new step-tapered profile and the metal strip gratings to 
give good return loss and directivity. The step-tapered slot antenna (STSA) is 
subsequently integrated with a transition for measurements.
5.1 INTRODUCTION
5.2 FOUR WAVELENGTHS LTSA
A millimetre-wave linear taper slot antenna (LTSA) has been designed and fabricated 
using a Duroid substrate, to operate in the microwave Ka-band centred at 35GHz, as 
reported in Chapter 4. The proposed design, incorporating metal strip gratings printed 
on both side of the substrate, has successfully overcome the main beam splitting and 
suppresses the side lobe level. The design is based on Yngvesson et al. [1] and has an 
overall length of 10Ao (85.71mm) and a width of 4Ao (34.28mm), which is electrically 
and physically large. Although long TSA gives higher directivity and narrower 3dB 
beam width, as noted in Chapter 2, a smaller antenna size is usually preferred and it has 
a lower fabrication cost. In many applications smaller antenna sizes are preferred at the 
expense of directivity and beam width.
Chapter 5 Stcp-Tapcrcd Slot Antenna
The LTSA is re-designed with a shorter length of 4fa (34.28mm), as shown in Figure 
5.1. The aperture width is increased from 1.3A  (11.14mm) to 1.5 fa  (12.86mm) to offset 
the lower directivity due to the shorter antenna length. Two basic LTSAs with these 
dimensions and another LTSA with gratings are simulated for comparison. The basic 
LTSAs are on substrate with a relative dielectric constant (er) of 10 and 2.2, while that 
for the LTSA with gratings is 10. All the substrate thickness (/) is 0.254mm.
4Aa= 34.29mm
Topside
Figure 5.1: Design of the basic 4 fa LTSA.
5.2.1 The Basic LTSA
Like the 10ALTSA, the 4fa LTSA on a substrate with a relative dielectric constant (5r) 
of 10, also suffers from the main beam splitting effect and a high side lobe level in its 
E-plane, as shown in Figure 5.2. This is due to a greater than the optimum value of 
teffafa ratio. From Equation 2.1 [1]:
0.005 < <0.03 (5.1)
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A basic LTSA on a substrate with a lower relative dielectric constant (5 .) of 2.2, which 
has a %/% ratio within the optimum range, is also simulated. Its radiation pattern, as 
shown in Figure 5.3, is then used as a reference for the best obtainable result for the 
design of the 4% LTSA. The results of the 4% LTSAs are tabulated in Table 5.1 
together with the results of the 10% LTSAs simulated earlier in Chapter 4.
Basic LTSA 102# 1020 42# 420
Relative Dielectric Constant (s,) 10 2.2 10 2.2
tepXo Ratio 0.064 0.014 0.064 0.014
Directivity (dB) 9.4 15.6 8.9 14.0
Return Loss (dB) 7.2 17.2 7.5 17.9
E-plane Side Lobe Level (dB) -7.0 -14.3 -5.2 -14.5
E-plane 3dB Beam Width 23° 20° 20° 32°
E-plane F/B Ratio (dB) 8.5 13.5 9.5 17
H-plane Side Lobe Level (dB) NA NA NA -9.3
H-plane 3dB Beam Width 62° 20° 58° 35°
H-plane F/B Ratio (dB) 5.5 14 6 14
Table 5.1: Simulated result for the basic LTSA
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Figure 5.2: S im ulated  rad iation  patterns o f  the basic 4A ?LTSA  w ith £“r=10
(bore sight=0°).
Angle (degrees)
Figure 5.3: Simulated radiation patterns of the basic 4/lflLTSA with £-r=2.2
(bore sight=0°).
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The performance of the 4X 0 LTSA with a lower relative dielectric constant (5,) of 2.2 is 
significantly better than that with a higher relative dielectric constant (s,) of 10. The 
lower relative dielectric constant of 2.2 gives a Ufa fa ratio of 0.014, which is within the 
optimum limit of 0.005 to 0.03, while the latter t-epfa ratio of 0.064 exceeds the limit. 
The higher Ufa fa ratio reduces the directivity by more than 5dB and degrades the return 
loss by more than lOdB. The front-to-back ratios for both the planes also reduce by 
more than 7dB. Most importantly, the E-plane side lobe level increases to -5.2dB.
For a tejjifa  ratio of 0.014, which is within the optimum limit of 0.005 to 0.03, the 
directivity of the LTSA increases by 1.6dB when the length of the antenna increases 
from 4 fa  to 10fa . However, with a higher tefa fa  ratio of 0.064, the directivity only 
increases by 0.5dB for the same increase in antenna length. This is because the longer 
10Xo LTSA need to achieve a higher phase velocity, which is close to the free space 
velocity, in order to realise its maximum directivity, as given by Hansen-Woodyard in 
Equation 3.5. However, for the given high dielectric constant and thickness of the 
substrate, the phase velocity is inherently veiy slow. As a result, the low phase velocity 
reduces the high directivity intended for a long antenna. On the other hand, the wider 
aperture of the 4Xo LTSA helps to increase its directivity, as it has a wider field 
distribution in the aperture, which gives a narrower beam width. Finally, the poor return 
loss of the two LTSA with a higher tefaXo ratio of 0.064 is primary due to a high 
reflected surface wave power in both the ground planes due to the high dielectric 
constant.
5.2.2 LTSA with Metal Strip Gratings
As shown in Chapter 4, metal strip gratings are successfully incorporated with the 10 fa 
LTSA to give improved radiation efficiency with suppression of the side lobe level. The 
4Xo LTSA is designed here to include metal strip gratings. An array of metal strip 
gratings is added to each open-ended slot on the ground planes of the topside of the 
antenna, as shown in Figure 5.4. There are 6 narrow metal strips in each slot, spaced
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uniform ly  across the slot w id th  and ex tended  inw ards from  the ou tpu t end. A nother 
array  o f  m etal strip gratings is added  onto  the underside o f  the antenna. L ike the 
topside, the 28 narrow  m etal strips are spaced  uniform ly across the  an tenna w idth. The 
num ber, length and w idth  o f  the m etal strips are optim ised in each case to give the 
m in im um  side lobe level and m axim um  directiv ity .
Metal
strip
gratings
Topside
Underside
Figure 5.4: D esign o f  the 4 %  LTSA  w ith gratings.
S im ulations are carried  out w ith  the m etal strip gratings on the topside, on the underside 
and finally  on both sides o f  the LTSA . T his g ives an insight to the effect o f  the 
individual array o f  m etal strip  gratings. T he sim ulated  radiation  patterns are show n in 
F igures 5.5 -  5.7 and the ir respective results tabulated  in T able 5.2.
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Angle (degrees)
Figure 5.5: S im ulated  rad iation  patterns o f  the 4 /U L T S A  
w ith  gratings on its topside (bore sight=0°).
Angle (degrees)
Figure 5.6: Simulated radiation patterns of the 4/ULTSA
with gratings on its underside (bore sight=0°).
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Angle (degrees)
Figure 5.7: S im ulated  rad iation  patterns o f  the 4 %  LTSA  
w ith  gratings on both  sides (bore sight=0°).
42# LTSA WithoutGratings
Gratings
Topside
Gratings
Underside
Gratings 
Both sides
Directivity (dB) 8.9 11.2 11.1 13.2
Return Loss (dB) 7.5 12.6 25.8 22.3
E-plane Side Lobe Level (dB) -5.2 -7.8 -11.2 -14.4
E-plane 3dB Beam Width 20° 18° 25° 22°
E-plane F/B Ratio (dB) 9.5 12 14 19.5
H-plane Side Lobe Level (dB) NA -5.0 NA NA
H-plane 3dB Beam Width 58° 55° 66° 57°
H-plane F/B Ratio (dB) 6 7 14 19.5
T able 5.2: S im ulated  resu lt fo r the 4 %  LTSA  w ith /w ithout gratings.
The resu lt sum m arised  in T able 5.2 show s that the addition  o f  the m etal strip  gratings 
e ither on the topside o r the underside or both  sides has better return  loss and radiation 
pattern  than the basic LTSA . T here is a g rea ter than 2dB increase in the d irectiv ity  o f  
the LTSA  w ith gratings. F or the g iven substra te  d ielectric  constan t and th ickness, the 
phase velocity  o f  the tapered  slot field  in the basic LTSA  is too  slow  to  ach ieve the
Chapter 5 Step-Tapered Slot Antenna
maximum directivity, as given in Equation 3.5. Therefore, the increase of the directivity 
in the LTSA with gratings indicates that its phase velocity is higher, and closer to the 
optimum phase velocity for maximum directivity than the basic LTSA.
The directivity of an antenna is also an inverse function of its 3dB beam width in both 
the E-plane (&£) and H-plane ( & h ) ,  and is approximated as [30]:
Directivity «
In order to increase the directivity, the 3dB beam width has to decrease. However, the 
directivity of the LTSA with gratings is increased significantly with no considerable 
reduction in the 3dB beam width. This is because the power in the side lobes and back 
lobes are reduced so that more power is radiated in the main beam direction.
When the metal strip gratings are included onto both sides of the LTSA, the directivity 
and side lobe level are improved further. However, the width and periodic gap 
dimensions of the metal strips on the topside are set to 0.5mm and 0.7mm, respectively, 
to achieve a good radiation pattern and return loss. This is because the coupling 
capacitances of the metal strips, which determined the slot impedance and the phase 
velocity, are varied when they are incorporated together. The directivity increases with 
a reduced side lobe level and improves the return loss with reference to the basic LTSA, 
indicating that the radiation efficiency has been improved.
The result shows that the LTSA with gratings has broken the conventional requirements 
to increase the antenna length to have higher directivity and radiation efficiency. The 
4Ao LTSA with gratings simulated here has a directivity of 13.2dB and a return loss of 
22.3dB, whereas the 10Ao LTSA with gratings simulated in Chapter 4 only has a 
directivity of 9.4dB and a return loss of 16.7dB. With proper design of the metal strip 
gratings, the LTSA can operate at a te/fA0 ratio greater than the maximum optimum 
limit. The 4Aq LTSA with gratings and a relative dielectric constant of 10, has 0.8dB 
lower directivity but a 4.4dB better return loss, as compared to the basic 4Aq LTSA with 
a relative dielectric constant of 2.2.
4 3
'&H
(5.2)
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5.3 STEP-TAPERED PROFILE
A shorter antenna has been shown in the previous section, that when incorporated with 
the optimised metal strip gratings, it has improved directivity and return loss. However, 
its performance can be improved further with careful design of the tapered profile of the 
slot width. It should increase gradually from the feed to the aperture, where the width of 
the aperture determines the lower cut-off operating frequency. Yngvesson et al. [8] 
stated that the slot width must be in the order of 0.5% for effective radiation. Hence, the 
aim is to engineer a smoother tapered profile while maintaining short antenna length.
A smaller antenna with a step-tapered profile is presented. This antenna is designed to 
operate in the microwave Ka-band centred at 28GHz, which is used for the wireless 
radio-over-fibre applications. The antenna is designed to be fabricated on a standard 
0.254mm thick alumina substrate, which has a relative dielectric constant of 9.8. This 
gives a %/% ratio of 0.05 at 28GHz, which is greater than the maximum optimiun limit. 
Again metal ship gratings are used to reduce the side lobe level, increase the directivity 
and improve the return loss of the antenna.
5.3.1 Design of the Optimum Tapered Profile
The linear taper slot antenna (LTSA), exponential (Vivaldi) and constant width slot 
antenna (CWSA) are the common forms of TSA. Step-tapered designs have also been 
reported [31], where stepped-impedance transformers are used to match the feed to free 
space. Combinations have also been demonstrated, with Judaschke and Palacios 
employing two linear sections and a cosine one [32]. The CWSA has the highest 
directivity due to its constant width slot, which provides a constant guide to direct the 
field in the forward direction. However, it requires an additional slotline tapered 
transition from the 0.1% feed width to the 1% constant width section, as shown in 
Figure 5.8. This slotline transition needs to be tapered smoothly to minimise reflections, 
and usually requires a length of more than 1.5%. In addition, the optimum slot width
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depends on the operating frequency, which limits the bandwidth of the antenna. Though 
another slot width tapered section of more than 0.5 fa long at the aperture can be used to 
increase the operating bandwidth [24], it increases the overall length of the antenna. On 
the other hand, the LTSA and Vivaldi antenna do not require a slotline transition due to 
their tapered profiles. Hence, they have a shorter antenna length and a wider bandwidth, 
but a lower directivity.
Input transition Constant width Output transition
tapered Section section tapered section
> 1.540  > 0 .54,0
Figure 5.8: Constant width slot antenna (CWSA).
To increase the directivity of the TSA for a given length, a plausible solution is to 
incorporate the input slotline tapered transition into the constant slot width section of 
the CWSA. This leads to a tapered profile consisting of multiple quarter wavelength 
long, constant width slotline sections, with slot width increasing gradually from the 
feed towards the aperture, as shown in Figure 5.9. The slot width determines the 
impedance, where it is matched from the feed to the aperture with minimal reflection at 
the sections interface. The design made use of the optimum stepped-impedance 
transformer structure, which is able to match different impedance over a very wide 
frequency range [33]. It consists of a succession of sections of impedance spaced by 
equal electrical lengths of uniform line. The multiple constant width sections help to
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obtain a higher directivity and the simultaneously tapered slot width from the feed to 
the aperture keeps the length of the antenna short.
Topside
Figure 5.9: Design of the basic STSA.
This stepped shape has been used previously to approximate the Vivaldi antenna for the 
purpose of analysis [11 ][18] and to match to the free space impedance [ 18][31 ]. 
However, this does not mean all the power will be radiated, as shown experimentally 
for a horn antenna with the same principle of impedance matching [19]. Moreover, for a 
given impedance, the slot width decreases as the substrate thickness and the dielectric 
constant increases. According to calculated result plotted in Figure 3.6(b), an 
impedance of 377Q results in an aperture width of less than 0.2% for the specified 
substrates parameters. Therefore, for substrates with a high dielectric constant that are 
electrically thick, the width of the slot with an impedance of 3110. is sometimes too 
narrow for effective radiation. The slot width must be in the order of 0.5% to give 
effective radiation [8]. Hence, the focus here is to design the stepped-impedance 
sections to match the impedance at the feed to that of the aperture with a width of 0.5% 
instead of 3110, for effective radiation. The step-tapered slot antenna is hereinafter 
shortened to STSA.
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The antenna is designed to operate in the Ka-band, centred at 28GHz using an alumina 
substrate with a thickness (t) of 0.254mm and a relative dielectric constant (s,) of 9.8. 
The width of the feed is set to 0.6mm and the width of the aperture is set to 0.5Ao 
(5.36mm) to give effective radiation. The slot impedances (Zos) for the given width (W) 
are calculated using the empirical equation. From Equation 3.8 [17]:
For 3.8 < £,-< 9.8 and 0.075 < W/A0 < 1.0:
Z05 = 120.75-3 .74s,. + 50[tan _1 (2s r)].
t H | 0 .132(£ r -2 7 .7 )
The slot impedances for a width of 0.6mm and 5.36mm are 176D and 69in , 
respectively.
The tapered profile for impedance matching between the feed and the aperture is then 
designed using the optimum stepped-impedance transformer structure [33]. It consists 
of a number of constant quarter wavelength long sections with different widths, which 
correspond to specific calculated impedances for matching the feed to the aperture. In 
the latter sections towards the aperture, where the slot widths are in the order of 0.5Ao, 
the field begins to radiate with a constant guided width, which gives a higher 
directivity. Generally, for a TSA with a travelling wave radiation mechanism, it 
requires an antenna length greater than 2A0 [2]. As each section of the optimum 
stepped-impedance transformer structure is quarter wavelength, at least 8 sections are 
required to make the overall antenna length greater than 2Ao long. Since a longer 
antenna length gives a higher directivity, 11 sections are used here.
The detailed computation of the section impedances, to match the feed impedance of 
176D to the aperture impedance of 69ID, are shown in Appendix A, using the 
procedures given in [33]. After computing the impedances of each section, the widths
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for the slot in each section for the corresponding impedance are calculated using 
Equation 5.3. The impedances of each section and their respective computed slot width 
are shown in Table 5.3.
Section Slot Impedance (£2) Slot width (mm)
1 176 0.6
2 176.8 0.61
3 183 0.65
4 204 0.79
5 255 1.07
6 348.7 1.85
7 476.8 3.05
8 595.9 4.29
9 664.8 5.05
10 687.6 5.31
11 691 5.36
Table 5.3: Slot impedances and widths for the STSA.
5.3.2 Comparison of the STSA and LTSA
Using widths from Table 5.3, the length of each section (SL) is set to one-quarter 
wavelength (2.68mm), which gives an overall antenna length (L) of 29.48mm. The 
width of the antenna is set arbitrarily at 23.6mm, as shown in Figure 5.9. The STSA 
was simulated and it was found that a slightly shorter section length of 2.42mm gives 
better radiation pattern. This reduces the overall antenna length to 26.62mm. Using the 
same design parameters and substrate parameters but with a linear taper profile, two 
LTSAs with an overall length of 29.48mm and 26.62mm, as shown in Figure 5.10, 
were simulated for comparison.
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L=29.48mm, 26.62mm 
<   ►
Figure 5.10: Design of the LTSAs for comparison.
The simulated radiation patterns for both the STSAs and the reference LTSAs of equal 
overall length are shown in Figures 5.11 -5.13. Their results are summarised in Table
5.4 for comparison.
Angle (degrees)
Figure 5.11: Simulated E-plane radiation patterns of the basic STSA with 2.68mm 
section length, and the reference LTSA of equal overall length (bore sight=0°).
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Angle (degrees)
Figure 5.12: Simulated E-plane radiation patterns of the basic STSA with 2.42mm 
section length, and the reference LTSA of equal overall length (bore sight=0°).
Angle (degrees)
Figure 5.13: Simulated H-plane radiation pattern of both the basic STSAs 
and the reference LTSAs of equal overall length (bore sight=0°).
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STSA (1) LTSA Ref. (1) STSA (2)
LTSA Ref. 
(2)
Section Length (mm) 2.68 NA 2.42 NA
Directivity (dB) 7.67 5 7.92 5.4
Return Loss (dB) 8.21 7.35 7.4 7.4
E-plane 3dB Beam Width 41° 90° 52° 93°
E-plane F/B Ratio (dB) 9.5 8 10 8.5
H-plane 3dB Beam Width 42° 60° 48° 64°
H-plane F/B Ratio (dB) 10.5 6.5 11 9.5
Table 5.4: Simulated result for the basic STS As and 
the reference LTSAs of equal overall length.
Both the STSAs have a directivity of more than 7.6dB and a symmetrical 3dB beam 
width of about 40° for the STSA with a section length of 2.68mm, and about 50° for the 
STSA with a section length of 2.42mm. On the other hand, both the reference LTSAs 
have a lower directivity of less than 5.5dB. Their 3dB beam widths for both the planes 
are wider and asymmetric, with about 90° in the E-plane and about 60° in the H-plane. 
The main beam of the E-plane of the longer LTSA is split, as shown in Figure 5.11. 
Though the main beam of the shorter LTSA is not split, as shown in Figure 5.12, it is 
wide and has a relatively flat top. The result shows that the STSA has a higher 
directivity with no main beam splitting and no side lobes In addition, the simulated 
result also shows that the STSAs have at least 1.5dB better front-to-back ratio for both 
the planes.
As both the STSAs and LTSAs have a tej/fa  ratio of 0.05, which is greater than the 
maximum limit of 0.03, they have a poor return loss that is more than lOdB at 28GHz. 
The simulated return loss from 26 to 31 GHz is shown in Figure 5.14. In the simulation, 
the loss of the substrate is set to zero, and therefore the power that is not radiated is 
reflected back. The result shows that the LTSA has a more constant response 
throughout the whole frequency range. On the other hand, the return loss of the STSA 
degrades rapidly near the frequency at which the section length is one-quarter 
wavelength, which is 28GHz for the STSA with a section length of 2.68mm and 30GHz
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for the STSA  w ith  a section  length o f  2 .42m m . T herefore, the section  length o f  the 
tapered  p rofile  should  be sligh tly  shorter to  avoid  the rapid  degrade in return  loss near 
the operating  frequency. H ence, the section length o f  2 .42m m  is chosen  to  design the 
STSA  operating  at 28G H z.
Frequency (GHz)
Figure 5.14: S im ulated  return  loss o f  both  the basic STSA s and the reference LTSA s o f
equal overall length.
5.4 STSA WITH METAL STRIP GRATINGS
A lthough the basic STSA  designed  earlie r has a  w ell form ed end-fire  rad iation  pattern , 
it has a poo r return  loss and th is restric ts the usefu lness o f  the. T he p o o r return loss is 
due to  the undesirab le  surface w aves, w hose pow er increases w ith  the substrate 
th ickness and dielectric  constant. In addition , the pow er coupled  to  the TM  surface 
w aves also increases w hen  the po larisa tion  o f  the E -field  is not transverse  w ith respect 
to  the p ropagation  direction , and w hen  there is a d iscontinu ity  in the  structure.
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The technique o f  incorporating  m etal strip  gratings, as d iscussed in C hap ter 4, is used  to 
overcom e this problem , as show n in F igure  5.15. The long m etal strips on the ground 
planes and its underside cause the E -field  to  propagate transversely  and reduce the 
longitudinal E -field. In th is w ay , the m etal strip gratings reduce the undesirab le  TM  
surface w aves at the operating  frequency. T he design o f  the m etal strip gratings is 
p rim arily  based on em pirical results. A s a result, the design o f  the  STSA  w ith  gratings 
is op tim ised  by  sim ulation, and  its d im ensions are given in Figure 5.15.
\
\  Metal
strip
r
Topside
Period = 0.5mm
Underside
Figure 5.15: D esign o f  the STSA  w ith gratings.
\
\  Metal strips
Length = 12.5mm
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During the trial and error simulation process, the number of metal strips on the 
underside was reduced to achieve the best result. This is because the impedance of the 
STSA with a small aperture width of 0.5% is significantly smaller than that of the 
LTSA with a larger aperture width of more than 1% presented in Section 5.2.2. As a 
result, the STSA requires a smaller additional capacitance value to reduce the slot 
impedance. The coupling capacitance set-up between two metal strips reduces as their 
separation increases. Similarly, the metal strips at the centre are removed to increase the 
gap to give a smaller additional capacitance.
The simulated radiation patterns of the STSA with gratings are shown in Figure 5.16 for 
a 28GHz signal frequency. This result together with that of the basic STSA is compared 
in Table 5.5.
Angle (degrees)
Figure 5.16: Simulated E-plane and H-plane radiation patterns of the STSA 
with gratings on both sides at 28GHz (bore sight=0°).
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STSA with 2.42mm SL STSA without gratings STSA with gratings
Directivity (dB) 7.92 11.04
Return Loss (dB) 7.4 17.2
E-plane 3dB Beam Width 52° 37°
E-plane F/B Ratio (dB) 10 16
H-plane 3dB Beam Width 48° 50°
H-plane F/B Ratio (dB) 11 11
Table 5.5: Simulated result for the STSA with 2.42mm SL & with/without gratings.
The simulated result shows that both the directivity and return loss of the STSA with 
gratings have improved by 3.12dB and 9.8dB, respectively. In addition, its front-to- 
back ratio for the E-plane has improved by 6dB, while the 3dB beam width is reduced 
by 15°. However, the H-plane front-to-back ratio and 3dB beam width remain 
unchanged. This is because the metal ship gratings widen the aperture field distribution 
at the end of the antenna for the E-plane. More importantly, the new STSA with 
gratings does not suffer from the restriction of the tej/Ao ratio, and can extend its 
operation to higher frequency using standard substrates.
Another important design consideration of the antemia is its useful bandwidth, defined 
as the range of frequency where the radiation pattern and the return loss (RL) of the 
antenna conform to a specified standard. The specification of the radiation pattern 
depends on the applications, and for simplicity, the directivity of a minimum 9dB is 
used arbitrarily as the standard. Whereas the maximum acceptable return loss is lOdB 
in most applications, which implies that 90% of the antenna power is transmitted, as 
discussed in Chapter 3.4.
The variation of the simulated S-parameter (Su) as a function of frequency in Figure 
5.17, shows that the antemia has a return loss of better than lOdB from 25GHz to 
31 GHz. However, as seen in the radiation patterns in Figure 5.18, the directivity drops 
to 7.6dB at 26GHz. This is due to the increase of its 3dB beam width to 64° for both the 
E-plane and H-plane, which lowered the directivity.
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Frequency (GHz)
Figure 5.17: S im ulated  re turn  loss o f  the STSA  w ith  gratings.
Angle (degrees)
Figure 5.18: Simulated radiation patterns of the STSA with gratings at 26GHz
(bore sight=0°).
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-180 -90 0
Angle (degrees)
90 180
Figure 5.19: Simulated E-plane radiation patterns of the STSA 
with gratings on both sides (bore sight=0°).
-180 -90 0
Angle (degrees)
90 180
Figure 5.20: Simulated H-plane radiation patterns of the STSA
with gratings on both sides (bore sight=0°).
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Freq (GHz) E-plane 3dB Beam Width
H-plane 
3dB Beam Width Directivity (dB)
27 U> OO o 51° 10.19
28 37° 50° 11.04
29 37° 47° 10.81
30 38° 47° 9.99
31 46°
ooo 9.30
Table 5.6: Simulated result for the STSA with gratings.
The simulated radiation patterns from 27GHz to 31 GHz are shown in Figures 5.19 and 
5.20, and ail results are summarised in Table 5.6 for comparison. It is observed that the 
directivity maintained at greater than 9dB. In addition, both the E-plane and H-plane 
radiation patterns have no side lobes around the main beam. Hence, the frequency range 
that conforms to both the directivity and return loss specifications is from 27GHz to 
31 GHz, which determined the bandwidth of the STSA.
The antenna bandwidth (BW) can also be specified as the ratio of the operating 
frequency range to the centre frequency in percentage, given as:
B W  =  £ l z J l x iqq  (5.4)
fc
where fy  and f i  are the highest and lowest operating frequency conforming to the 
required specification, respectively, and f c is the centre frequency. Therefore, the 
bandwidth of this STSA is 13.8%, from 27GHz to 31GHz, which gives a directivity of 
greater than 9dB and return loss of better than lOdB.
5.5 STSA WITH TRANSITION
A CPW-to-slotline transition (to be discussed in Chapter 6) is incorporated with the 
antenna, as shown in Figure 5.21, for practical applications and measurements. The 
CPW-to-slotline transition has a 3dB bandwidth of 25GHz to 35GHz. The CPW of the
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transition has two slots each of 0.25mm width (W) and the spacing between the slots is 
0.11mm (5), which gives an impedance of 50Q. These dimensions enable the 
installation of a standard K-connector.
\  Periodic 
conducting 
/  strip
Figure 5.21: Design of the STSA with gratings and transition.
The incorporation of the transition causes the antenna directivity to reduce slightly. To 
overcome this, the length of the metal strips is optimised again using the simulator. The 
final optimised metal strips length is reduced from 12.5mm to 12mm, which helps to 
recover the performance similar as before incorporating the transition, as shown in 
Table 5.7.
Freq (GHz)
Directivity (dB)
Without Transition With Transition
27 10.19 9.78
28 11.04 10.99
29 10.81 11.21
30 9.99 10.79
31 9.30 10.12
Table 5.7: Simulated directivity for the STSA with/without transition.
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-180 -90 0
Angle  (degrees)
90 180
Figure 5.22: Simulated E-plane radiation patterns of the STSA 
with gratings on both sides and transition (bore sight=0°).
-180 -90 0
Ang le  (degrees)
90 180
Figure 5.23: Simulated H-plane radiation patterns of the STSA
with gratings on both sides and transition (bore sight=0°).
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Frequency (G H z)
Figure 5.24: Simulated return loss of the STSA with gratings and transition.
The simulated E-plane and H-plane radiation patterns of the STSA with gratings and 
transition are show in Figures 5.22 and 5.23, respectively. The simulated return loss, as 
shown in Figure 5.24, is better than lOdB from 26GHz to 31GHz.
5.6 MEASUREMENTS
The STSA radiation patterns are measured at 28GHz in an anechoic chamber. The 
measurement set-up is shown in Figure 5.25. The antenna under test (AUT), which is 
the STSA with gratings, is set as the transmitting antenna and is mounted on the 
turntable. A 28GHz signal is generated using a frequency synthesiser and a frequency 
multiplier. On the receiving end, a standard 20dB gain horn antenna is connected to a 
spectrum analyser through an external mixer. This set-up enables measurements at 
frequency range up to 40GHz.
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Anechoic Chamber
M ixer 
Ag ilent 11970A
Turntable
~ 7  X
Frequency 
Synthesiser 
Ag ilent 83623B 
(10M Hz-20GHz)
Frequency
M u ltip lie r
M IT E Q
(26-40GHz)
Figure 5.25: 28GHz STSA measurement set-up.
The STSA incorporated with a CPW-to-slotline transition to enable the installation of a 
standard K-connector for direct connection to the test equipment. The K-connector was 
mounted onto the antenna using a custom test fixture, as shown in Figure 5.26. The test 
fixture acts as a ground contact so that it connects both the transition CPW grounds 
together. In addition, it also acts as a support to hold the antenna and the connector 
together. The K-connector is screwed to the test fixture, whereas the antenna is soldered 
onto the test fixture.
Extra precaution is exercised during the soldering as the antenna has to be 
perpendicular to the test fixture, and the silver conductor of the antenna can be 
accidentally scrapped off by the high temperature soldering iron. However, the 
soldering iron has restricted access to the K-connector pin and there is a very high risk 
of accidentally shorting the CPW signal line to the ground due to excess solder. 
Therefore, the K-connector pin is aligned such that it is in physical contact with the 
CPW signal line, which is confirmed under close inspection using a microscope.
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Test
fixture
Y Connector 
pin
r Antenna
Figure 5.26: The STSA with transition 
installed with the K-connector behind the test fixture.
The measurement distance between the two antennas is 3m, which is greater than the 
minimum far field distance of 0.1m calculated using Equation 4.6. The resolution of the 
measurement is done at 5 degree. Due to the obstruction of the K-connector and the test 
fixture attached at the back of the antenna, only the front radiation patterns are 
measured
The measured radiation patterns of the STSA with gratings are plotted in Figures 5.27 
and 5.28. Also included in the plots are their simulated results. The measured E-plane 
pattern has a wider 3dB beam width than the simulated result, while the H-planc 
radiation pattern fits very well. The discrepancies are thought to bc due to the non-ideal 
installation of the K-connector, which introduce additional reactance and losses. In 
addition, the inaccuracy in the fabricated dimensions adds to the difference, especially 
that of the transition, as will be discussed in the next chapter. Although the measured E- 
plane has a wider width, it has no main beam splitting and no side lobes.
The return loss of the antenna was also measured using a network analyser from 26GHz 
to 31GHz. The measured result has a poorer return loss, as shown in Figure 5.29. 
Again, these are thought to be due to the non-ideal installation of the K-connector and 
the inaccurate fabricated dimensions of the transition. Nevertheless, the measured 
return loss is still better than lOdB from 26GHz to 31 GHz.
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Angles (degrees)
Figure 5.27: Measured and simulated E-plane radiation patterns of the STSA 
with gratings and transition at 28GHz (bore sight=0°).
Ang le  (degree)
Figure 5.28: Measured and simulated H-plane radiation patterns of the STSA
with gratings and transition at 28GHz (bore sight=0°).
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Figure 5.29: Measured return loss of the STSA with gratings and transition.
5.7 SUMMARY
It is shown that, when the tef/Xo ratio is larger than the maximum value of 0.03, 
increasing the LTSA length is no longer an effective mean to increase the directivity, as 
shown in Table 5.1. As a result, the 4A# and 10Xo long basic LTSA operating at teyXoof 
0.065 have close directivity, even though their lengths differ by a factor of 2. With the 
metal strip grating design implemented either on the topside, underside or both sides of 
the substrate, the directivity and radiation efficiency are improved. The best result is 
obtained with the metal strip gratings on both sides, which has a return loss and 
directivity improvement with respect to the basic LTSA of 14.8dB and 4.3dB, 
respectively. The metal strip gratings have again demonstrated its ability to overcome 
the main beam splitting and reduces the side lobe level.
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A step-tapered profile, based on the stepped-impedance transformer, is used to match 
the antenna impedance at the feed to that of the aperture with a width of half a 
wavelength. It gives a higher directivity than the LTSA for the same length with no 
beam splitting effect. When the STSA is incorporated with metal strip gratings, its 
return loss and directivity, as compared with it reference LTSA, are improved by 9.8dB 
and 5.6dB, respectively. This again demonstrated the effectiveness of the metal strip 
gratings. For a length of only 2.5Xo, it can gives a simulated directivity of more than 
1 ldB at 28GHz and has a bandwidth from 27GHz to 31 GHz. The STSA with gratings 
is fabricated and installed with a K-connector for measurements. Although the 
measured E-beam is wider than the simulated result, the STSA with gratings has no 
main beam splitting and no side lobes for both planes, with a return loss of better than 
lOdB from 27GHz to 31GHz.
CHAPTER 6 
CPW-TO-SLOTLINE TRANSITION
6.1 Introduction......................................................................................................... 2
6.2 Transition Designs For TSA................................................................................2
6.2.1 CPW-to-Slotline Transition................................................   4
6.2.2 Improved Transition Design..................................................................... 7
6.3 Measurements.................................................................................................... 11
6.4 Summary............................................................................................................13
6-1
Chapter 6 C PW -to-Slotlinc Transit ion
Various types of transitions are required to match different types of transmission lines, 
which are needed for different applications. For practical applications, the tapered slot 
antenna (TSA) is required to be connected to RF circuits or devices, which are 
generally either designed in a CPW or microstrip configuration. However, the TSA has 
a slotline feed, which is not compatible with the CPW or microstrip. Hence, a transition 
is a vital circuit element for the TSA applications. The design of a CPW-to-slotline 
transition tailored for the application of the TSA is presented. A back-to-back transition 
is fabricated and characterised. The differences between the simulated and measured 
results are analysed.
6.1 INTRODUCTION
6.2 TRANSITION DESIGNS FOR TSA
The CPW is a printed transmission line and its uni-planar design has both the signal and 
ground conductors on the same side of the substrate, as shown in Figure 6.1. This 
feature allows different types of components to be mounted easily in shunt or series 
configurations on the CPW. Unlike the non uni-planar microstrip transmission line, it 
does not require drilling holes through the substrate in order to access the ground on the 
other side. In addition, it has a smaller dispersion and lower loss than the microstrip. As 
a result, a CPW configuration interface is preferred for the TSA, and a CPW-to-slotline 
transition is designed.
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Figure 6.1: The CPW design.
Usually an active device, such as an amplifier or a photodetector, is integrated with the 
antenna. In order for a bias voltage to be applied directly to the active device on the 
CPW, the transition is required to have DC isolation between the CPW signal line and 
its ground. In addition, the CPW and the slotline of the transition are also required to be 
collinear, so that it requires a smaller area when designed as an array antenna. This 
feature also allows the component to be mounted conveniently at the rear of the antenna 
without affecting the end-fire radiation pattern of the TSA. Furthermore, it is also vital 
to minimise any spurious radiation, which will distort the radiation pattern of the TSA. 
Lastly, the transition is preferred to be small and have a bandwidth as large as the 
antenna.
The slotline feed of the TSA is also uni-planar, as shown in Figure 6.2. The TSA 
requires a smooth transition from the slotline feed to the radiating slot, which is 
effectively a slotline with a significantly wider width in the order of 0.5Ao [8]. As a 
result, a wider slotline feed can help to reach the required radiating slot width earlier. 
This reduces the TSA length for a given opening angle (0) and operating frequency if). 
Conversely, for a given TSA length, a wider slotline feed will gives a longer section of 
radiating slot, and therefore increases the radiating efficiency, as shown in Figure 6.2.
6-3
Chapter 6 CPW-to-Slotlinc Transition
  L  ^
<------------------------------  < L  ►
Figure 6.2: Design of a TSA.
Based on the above concept, the width of the slotline section of the CPW-to-slotline 
transition is to be as wide as possible. However, the width is limited by the dimensions 
and the impedance of the CPW section. Generally, a larger CPW dimensions is easier to 
match with a wide slotline. However, a large CPW dimension is not desirable for 
miniaturisation. Moreover, it will cause high radiation loss and also induce unwanted 
surface waves. In addition, the CPW impedance is a function of its dimension (W and
5), which is required to give a standard 50D impedance.
6.2.1 CPW-to-Slotline Transition
Although there are many types of CPW-to-slotline transition reported [27], so far only 
the design reported by Ma et al. [34], which utilised an 180° phase shifter, as shown in 
Figure 6.3, has both DC isolation and collinear characteristics. In this design, the 
slotline width was tapered down to match the feed width of the Vivaldi antenna, as 
shown in Figure 6.4.
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CPW
Opposite phase Same phase 
slotline fields slotline fields
Slotline
Stub 
(Phase shifter)
Figure 6.3: CPW-to-slotline transition utilising an 180° phase shifter [34].
Figure 6.4: CPW-to-slotline incorporated with the Vivaldi antenna [34].
The field of the CPW is essentially two slotline modes with equal amplitude but 
opposite phase, as shown in Figure 6.5. The basic principle of this CPW-to-slotline 
transition is to utilise the passive phase shifter to delay the phase of one of the slotline 
field in the CPW by 180°. In this way, the phase of both slotline fields in the CPW after 
the phase shifter become similar and can be added constructively to form a single 
slotline at the output, as shown in Figure 6.3.
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(a)
(b)
Figure 6.5: (a) Slotline E-field pattern (b) CPW E-field pattern, which consists of two 
similar slotline field but at opposite phase.
The phase shifter is realised simply by extending physically one of the slot lengths by 
half the slot field wavelength (Lt = 0.5/U), as shown in Figure 6.3. This gives an 180° 
electrical length difference between the two slotlines of the CPW. When the operating 
frequency deviates from the centre frequency, the phase difference between the two 
slotlines are no longer zero and the output response of the transition is reduced. As a 
result, this is not a wide band transition as the phase shifter is frequency dependent. The 
bandwidth can be extended using air-bridge, connecting the two ground planes of the 
CPW. Using this technique, Ma et al. [34] improved the simulated 3dB insertion loss 
bandwidth from 8-19GHz to 5-21 GHz for a single stage CPW-to-slotline transition.
As seen from the basic design in Figure 6.3, the phase shifter is developed from the 
centre conducting strip of the CPW, which extends side way and formed a stub. The 
slotline is then made to go round the stub with an extra length of half the slot field 
wavelength (LT= 0.5 As). As a result, if the open circuit stub width is narrow, it is about 
a quarter wavelength long near the centre frequency and gives spurious radiation. In 
addition, the CPW centre conductor, which extends into the slotline section, also causes 
spurious radiation. Hence, the design of this transition has to be optimised by 
simulation to achieve the best performance.
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This transition is intended for the 28GHz step-tapered slot antenna (STSA) presented in
6.2.2 Improved Transition Design
0.254mm and a relative dielectric constant %■) of 9.8. The dimensions of the CPW, 
which give an impedance of 50+2, are computed using the commercial RF design 
software Advanced Design System (ADS) from Agilent to be 0.1mm and 0.06mm for S
the standard RF on wafer probes.
For the phase shifter, the wavelength of the slot field is first approximated using the 
following equations:
where the free space wavelength (%) frequency is 28GHz. The required extended 
slotline length (LT) for the 180° phase shifter is first approximated to be 2.3mm, using 
Equation 6.1. The exact length of the stub is then tuned using simulation, with the High 
Frequency Structure Simulator (HFSS) from Ansoft, to operate at a centre frequency at 
28GHz. The width (Sps) and gap (Wps) dimensions of the stub, which formed the phase 
shifter, are set such that they are equal to the CPW dimensions of 0.1mm and 0.06mm, 
respectively.
To reduce the spurious radiation caused by the CPW centre conductor, which extends 
into the slotline, it is terminated immediately, as shown in Figure 6.6. In addition, the 
width of the slotline ( W s l )  is also increased to 0.6mm to integrate directly with the 
STSA. The dimensions of the transition with these modifications are optimised by 
simulation to obtain the best performance. The stub, which formed the phase shifter, 
has a length of 1.25mm. This gives a total extended slotline length (LT) of about 
2.29mm after compensating the wide width of the slotline. The simulated transition is
Chapter 5. The transition is designed on an alumina substrate with a thickness (t) of
and W, respectively. These CPW dimensions also enable direct characterisation using
(6.1a)
(6.1b)
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designed in a back-to-back configuration with an 8.68mm slotline length in between, as 
shown in Figure 6.7.
C P W  centre conductor
Figure 6.6: Design of the transition with 
CPW centre conductor terminated immediately.
10.22mm
Figure 6.7: Design of the back-to-back transition.
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Frequency (GHz)
Figure 6.8: Simulated response of the transition with 
CPW centre conductor terminated immediately.
The simulated result in Figure 6.8 shows that the transition has an insertion loss of 
1.8dB at 28GHz and a 3dB insertion loss bandwidth of more than 10GHz, from 23GHz 
to 33GHz. In addition, the return loss is better than lOdB within this bandwidth.
As seen from Figure 6.6, the stub which formed the phase shifter is awkwardly long 
especially when the operating frequency is reduced. This increases the transition overall 
width and is undesirable for miniaturisation. In addition, to prevent the effect of the 
quarter wavelength stub spurious radiation at the operating frequency range, the stub is 
designed to bend at a right angle. In this way, its length is broken into two smaller 
sections, as shown in Figure 6.9. With this modification, the length of stub ( L Ps) is 
optimised to 1.45mm to give the best performance. The simulated result in Figure 6.10 
shows that the insertion loss reduced to 1.24dB at 28GHz, giving a 0.56dB 
improvement. The return loss remained at better than lOdB. As the loss of the substrate 
is set to zero during all simulations, the improvement of the insertion loss indicates that 
either the spurious radiation or the surface wave power, or both have been reduced.
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Lt =2.59mm
0.6mm
Stub length (LPS) =1.45mm
.Stub bend at right 
angle
Figure 6.9: Design of the modified transition with 
CPW centre conductor terminated immediately and right angle stub.
Frequency (GHz)
Figure 6.10: Simulated response of the modified transition with 
CPW centre conductor terminated immediately and right angle stub.
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The fabricated transition, as shown in Figure 6.11, has a width (Sps), gap (WPS) and 
length (LPs) for the right angle stub of 0.1mm, 0.06mm and 1.45mm, respectively, and 
the width of the slotline section ( W s l )  of 0.6mm.
6.3 MEASUREMENTS
Figure 6.11: Fabricated back-to-back transition.
Frequency (GHz)
Figure 6.12: Simulated and Measured £21 of the modified transition.
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Frequency (GHz)
Figure 6.13: Simulated and measured S\\ of the modified transition.
The simulated results in Figures 6.12 and 6.13 show that the insertion loss is 1.2dB at 
the centre frequency of 28GHz, and the bandwidth with an insertion loss of less than 
3dB and a return loss of better than lOdB is more than 10GHz, from 23GHz to 33GHz. 
However, the measured result does not maintain the same good response as the 
simulated result. The poor result is due to the fabrication inaccuracy, caused by the over 
etching of the conductor by approximately 10pm.
As seen in Figure 6.14, the CPW centre conductor width (S) reduces from 100pm to 
~80pm while the spacing (W) increase from 60pm to ~80pm. This changes the 
characteristic impedance of the CPW and degrades the frequency response. The stub 
width (Sps) and spacing (WPS) dimensions also vary similarly to the CPW dimensions. 
The over etching is not constant and resulted in inconsistent width and spacing 
dimensions, and rounded comers. In addition, the conductor loss and substrate loss are 
not included in the simulation. All these lead to the discrepancies between the measured 
and simulated results. However, during actual application, only a single CPW-to- 
slotline transition is used and the antenna is integrated immediately at the slotline
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section, therefore the slotline transmission line is not required. The return loss and 
insertion loss of the single section transition will be better than that measured here.
~80pm
-80pm
~80pm
Figure 6.14: Magnified view of the transition showing inconsistent width and gaps.
6.4 SUMMARY
An improved CPW-to-slotline transition design, which is ideal for the TSA is 
presented. Its properties of collinear, compact, wide slotline section and DC isolation 
help to simplify the design of TSA. The new unique design of a wide slotline section 
helps either to shorten the length or improve the gain of the TSA. To reduce the 
insertion loss, the centre conductor of the CPW was terminated immediately. In 
addition, the stub, which formed the phase shifter, was designed to bend at 90°. This 
helps to prevent the stub from radiating spuriously near the operating frequency. 
Finally, the measured result of the back-to-back transition is presented. The differences 
between the measured and simulated results are due to poor fabrication tolerance 
resulting mainly from over etching.
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7.1 CONCLUSIONS
The tapered slot antenna (TSA) is a low cost and lightweight printed antenna. It has 
an end-fire radiation pattern and a high gain of up to 17dB for a single element. To 
achieve good radiation characteristics, its geometries such as length, tapered profile, 
aperture width and lateral width must be optimised simultaneously. Most importantly 
the substrate thickness must not exceed the optimum effective thickness (%/%) ratio 
of 0.03. When this is exceeded, the radiation pattern has a high side lode level, deep 
nulls, main beam splitting and poor radiation efficiency. These make the antenna 
useless. Hence, the operating frequency of the TSA is limited by the substrate 
thickness and dielectric constant. For a standard substrate with thickness of 0.254mm 
and a relative dielectric constant of 9.8, the maximum operating frequency for TSA is 
limited to 16.6GHz.
The main causes of this limitation are the increase of the surface wave power in the 
ground planes of the TSA and the reduction of the slot field phase velocity. A simple 
and novel technique to overcome this limitation has been presented. It utilises metal 
sh ip gratings on both sides of the slot, and on the underside of the substrate, to reduce 
the slot impedance and increase the magnetic field strength within the slot. 
Simultaneously, the new design also reduces the undesired TM surface waves which 
radiate spuriously or reflect back to the feed. All these lead to a higher radiation 
efficiency and a lower side lobe level. The metal ship gratings are implemented on a 
35GHz linear taper slot antenna (LTSA) with a %/% ratio of more than 0.063. The 
simulated result of the LTSA with gratings shows that it does not have beam splitting 
or side lobes. In addition, it has a higher directivity and better return loss than the 
basic LTSA. These results are supported with measured results of the LTSA with 
gratings and basic LTSA, and hence demonstrated that the metal ship gratings 
successfully overcome the limitation of the maximum %/% ratio.
Generally, the directivity of the TSA increases with its length. However, when the 
effective thickness ratio exceeds the maximum optimum limit, the degree of
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improvement is reduced. This is demonstrated when the length of the LTSA with a 
tefjlAo ratio of 0.063 is increased from 4Ao to 10Ao, the directivity increases from 8.9dB 
to 9.4dB. On the other hand, the LTSA with a tefiAo ratio of 0.014, with the same 
amount of increase in its length, the directivity increases from 14dB to 15.6dB. When 
the metal strip grating design is implemented on the 4Ao LTSA with a high te/j/A0 ratio 
of 0.063, it reduces the side lobe level dramatically from -5.2dB to -14.4dB and 
increases the directivity from 8.9dB to 13.2dB. This shows that the directivity of the 
LTSA can be increased without increasing the length. In addition, the metal strip 
gratings also increase the efficiency of the antenna as it reduces the return loss.
The constant width slot antemia (CWSA) has a higher directivity but longer antenna 
length than the LTSA. The CWSA requires an additional input slotline feed transition, 
which is at least \.5A0 long. A novel tapered profile is designed to further improve the 
TSA directivity without increasing the length. It incorporates the input slotline feed 
transition into the constant width profile. The new tapered profile consists of multiple 
constant slot width sections, with slot width increasing gradually from the feed 
towards the aperture, which gives a higher directivity than the LTSA for the same 
length. The slot width of each section is optimised using the stepped-impedance 
transformer to minimise reflection at the section interface. A TSA with this new step- 
tapered profile, referred to as the step-tapered slot antenna (STSA), is designed at 
28GHz with a UjfAo ratio of 0.051. The simulated directivity of the STSA and the 
LTSA with the same length and aperture width, are 7.92dB and 5.4dB, respectively. 
This demonstrates that the step-tapered profile has helped to increase the directivity 
without increasing the length.
In addition, the result also shows that the STSA with a shorter antenna length of
2.5Ao, does not suffer from a high side lobe level or main beam splitting even though 
its tefJAo ratio is greater than the maximum optimum limit. However, it has a poor 
return loss of 7.4dB, and the metal strip grating design is again implemented to 
overcome this. The metal strip gratings improve the return loss and the directivity of
Chapter 7 Conclusions
the STSA to 17.2dB and 11.04dB, respectively. Once again, the effectiveness of the 
metal strip gratings is demonstrated.
For most practical applications, a transition is required to match the slotline feed of 
the antenna to a standard microstrip or CPW configuration. A CPW-to-slotline 
transition based on the design of Ma et al. [34], which utilised a phase shifter, is 
designed for the STSA. Several new concepts are implemented to improve the 
performance of this transition for TSA application. The simulated new CPW-to- 
slotline transition has a 3dB insertion loss bandwidth of 10GHz from 23-33GHz, with 
a return loss of better than lOdB. However, the measured result differs from the 
simulated result due to poor fabrication tolerance resulting mainly from over etching.
A K-connector is installed on the transition for the STSA measurement. Due to the 
non-ideal installation of this K-connector, some errors occurred in the measurement. 
Despite these differences, it still has a measured return loss of better than lOdB from 
23GHz to 33GHz, and the measured radiation patterns do not have any side lobes or 
main beam splitting effect due to the high tefaXo ratio.
These results show that the metal strip grating design has successfully overcome the 
operating frequency limitation imposed by the tefaXo ratio. Unlike other published 
methods, it does not require expensive and complicated substrate modification 
processes, such as membrane support, micromachining and substrate removal; which 
also make the antenna mechanically fragile. The additional new step-tapered profile 
helps to increase the directivity, while the improved new CPW-to-slotline transition 
helps to simplify the integration of the TSA with other circuitries for real applications.
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7.2 FUTURE WORK
Although the TSA was first reported in the mid 1970s, to date there are still no 
established design rales and the designs of these antennas are primarily based on 
empirical results. The incorporation of the metal strip gratings on the TSA increased 
the design complexity, especially at high frequency. So far the design of the TSA with 
metal str ip gratings is through the trial and error simulation process and its theory is 
not yet fully understood due to its complex operation, which combines both the 
travelling wave antenna and gratings. The limited empirical results obtained here can 
help to further exploit the potential of the TSA with metal strip gratings.
It has been demonstrated that the TSA with metal strip gratings gives a well formed 
main beam without any side lobes at high frequency. However, its H-plane 3dB beam 
width is wider than the E-plane. It is thought that the high dielectric constant of the 
substrate causes the vertical field to concentrate or bond tightly within a small height 
at the aperture; hence it gives a wider H-plane 3dB beam width. It is observed 
experimentally by Thungren et al. [4] that the H-plane 3dB beam width reduces 
inversely to the square root of the antenna length. The longer tapered profile increases 
the evanescent field to give a wider vertical field distribution, and hence a smaller H- 
plane 3dB beam width. Therefore, a symmetrical narrow 3dB beam width can be 
obtained by increasing the antenna length. Similarly, a lower dielectric constant 
substrate can be used to increase the vertical field distribution for a smaller H-plane 
3dB beam width.
The design of the metal ship gratings can be applied together with other substrate 
modification techniques such as membrane, and micromachining, to further increase 
the performance of the TSA at millimetre-wave or sub millimetre-wave frequencies. 
Although the substrate modification techniques overcome the main beam splitting 
effects, it has a reasonably high side lobe level of around 12dB. With proper 
optimising of the metal strip grating design, the side lobe level can be reduced or 
suppressed completely. On the other hand, the substrate modification techniques give 
a lower effective dielectric constant, which will increase the height of the vertical
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field distribution. This gives a narrower H-plane 3dB beam width without increasing 
the antenna length.
As the H-plane 3dB beam width is reduced, the directivity of the TSA with metal strip 
gratings will be increased. The newly developed step-tapered profile can be 
incorporated to further increase the directivity without increasing the antenna length. 
In this way, a very high directivity single element TSA with no side lobes and high 
radiation efficiency can be realised at millimetre-wave or sub millimetre-wave 
frequencies.
A photonic transmitter for radio-over-fibre applications can be assembled by 
integrating the TSA with a photodetector. The photodetector converts the optical 
signal to RF signal for the antenna to transmit to free space. This can be done using 
Microwave Integrated Circuit (MIC) technology, where a number of discrete active 
devices and passive components are integrated onto a common substrate using solder, 
wire bonding or conductive epoxy. Figure 7.1 shows integration of a top illuminated 
photodiode with the CPW-to-slotline transition of the TSA using wire bonding to 
form the photonic transmitter.
Antenna
C P W -to-slo tlin c
transition
L
^ -w  Photodiode/
,«r>* - **
/
%
• u ^  W ire bonds
DC B iasing
v * «
V
Figure 7.1 : Design of the photonic transmitter using MIC technology.
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Monolithic microwave integrated circuit (MMIC) technology can also be used to 
fabricate the photonic transmitter, as shown in Figure 7.2. In this technology, the 
active photodetector and the passive antenna are fabricated on the same 
semiconductor substrate. This increases the reproducibility and reliability but 
increases the cost for small scale production.
Photodetector
Optical fibre
Figure 7.2: Design of the photonic transmitter using MMIC technology.
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Appendix A
Optimum Step Transformer Constant (a,„)
The calculation of the step impedances for a step number (//) of 10, and a bandwidth 
ratio (p) of 2, is based on the simplify procedures given by Cohn [33]. The required 
transformer coefficients (am) and the constant xo are first calculated through the 
following equations.
x0= - h -  (A.l)
COS^
, 180° 
*'= I T 7
(A.2)
P J  180^
/ i  <Pi <P\
where f 2 is the maximum frequency,// is the minimum frequency, f i  and (f)2 are their 
respective electrical length in degree.
With a computed constant xo of 2, the ratios of the set of a,,, coefficients are next 
obtained from a numerical table as shown in Table A.l, constructed by a simple 
recursion procedure. The numerical table will be filled up by means of the following 
rules until the desired the number of step required, is reached:
1) To find an additional entry in the first column, multiply the element on the right 
above by 2xo and then subtract the element in the second row above the entiy to be 
found.
2) To find an additional entiy in any other column, add the two elements on the left 
and right above and multiply by xo, and subtracts the element in the second row 
above the entiy to be found.
3) Where an element is absent, assume it to be zero.
A -l
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n=l 2
n=2 2
n=3 6 4
n=4 18 8
n=5 66 48 16
n=6 210 120 32
n=7 774 612 288 64
n=8 2562 1680 672 128
n=9 9474 7872 4416 1536 256
n=10 32130 22896 11232 3456 512
3m as,6 34,7 a3,8 a2,9 ai.io
able A. 1: Ratio of the am coefficient
The elements in the table are in the ratio of the am coefficient, the first column 
corresponding to the centre of the transformer. Hence, after normalisation the 
respective am coefficients for n=10 are shown in Table A.2 below.
ai a2 a3 34 a5 a6 a 7 As 39 aio
1 6.75 21.94 44.72 62.75 62.75 44.72 21.94 6.75 1
Table A.2: am coefficients for n=10
The impedance ratio at a given step is then computed in terms of the terminating 
impedances and the am coefficients by:
7 a j h l f - )
ln _ -L  =  - i— (A.4)
®  t o t a l
where atotai =ai+a2+a3+...ajo=2743, Zi=Zin=176Q and Zn+i = Zout =691Q
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For an antenna feed width of 0.6mm and aperture width of 1/2 Ao, which is 5.35mm at 
28GHz, the terminating impedances is computed using Eqn 3.8, repeated here in Eqn 
X.5 to be Zin=176Q and Zout =691Q:
For 3.8 < er < 9.8 and 0.0015 < W/fa < 0.075:
W
Zos = 73.6-2.15s, + (638.9 -  3131 s r)(— )°‘6 + (36.23-j s i  +41 -225)f --------- t-
W— + 0.816s - 2  
t
W t A+ 0.51(s,. + 2.12)(—) ln(l00— ) -  0.753s,. - jL
An
(A. 5 a)
For 3.8 < s,. < 9.8 and 0.075 < W/A0 < 1.0:
Zq$ =120.75-3.74s,. +50[tair1(2s,.)-0 .8 ](y )
1 H | 0 .132( ^ 27.7)
100(2 -)+ 5
0^ ,ln[100({—A [1 0 0 ({ -)]2 +1]
(A. 5b)+ 14.21(1-0.458s,.) 100— + 5.11n(s,.)-13.1
A
W— + 0.33
The step impedances (in Q) are then computed using Equation A.4:
176:176.88 :182.93:204.08 : 255.05:348.73:476.84:595.93:664.81:687.56:691
Finally, the step openings (in mm) are calculated from Equation A.5 as follows:
0.6:0.61:0.65:0.79:1.07 :1.85 :3.05 :4.29:5.05 :5.31:3.35
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